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Abstract 
 
This thesis presents the computational evaluation of the system configuration and optimisation of a 
recuperated SOFC-GT system with combined heating cooling and power (CCHP) or trigeneration for 
marine applications.  
 
A comprehensive configuration analysis of a SOFC-GT system is needed to characterise the 
performance of different system configuration across a range of operating conditions, in order to 
choose a design point with optimum performance, and carry out off-design analysis. Then, a 
sensitivity analysis of the effects of changing the components, ambient temperature and air utilisation 
and fuel utilisation within a safe operating range is carried out. The fuel cell module within the 
Matlab model simulates methane reforming reactions; and fuel cell electrochemical reaction with the 
use of Voltage-current (V-i) curve from Siemens Westinghouse experimental SOFC data.  
 
The trigeneration model was calculated based on the outlet temperature of the SOFC-GT system as 
well as the inlet flow rates into the system. A number of system configurations of air conditioning 
system with conventional Heating Ventilation and Air Conditioning (HVAC) coils, absorption chiller 
and desiccant wheel are integrated with the existing SOFC-GT system, in order to extract waste heat 
from the SOFC-GT system exhaust for heating and cooling purposes for the ship. 
 
It is found that the recuperated SOFC-GT system is the optimum system configuration. The system 
efficiency and specific power are both high, when the compressor is operating at 4 bar pressure, with 
1250K of turbine entry temperature, fuel cell operating at 1273K, current density at 300mA/cm2, 
corresponding to 0.704V of fuel cell voltage. When the compressor and turbine designed by the 
National Technical University of Athens are used in the system with power turbine, the overall 
thermal efficiency at design point is 59.7%. The hybrid system can operate from 31% to 100% of 
design point power, when running the system in off-design with air utilisation between 0.1 and 0.25. 
The choice of compressor and turbine will lead to variations in operating range for off-design.  
The operating range of the system is bounded by a safety range of air utilisation, which has major 
effect on the efficiency, total specific power, and gas turbine power split; and fuel utilisation, which 
is negligible effect on system performance criteria.  
The ambient condition changes have little effects on the total specific power. However, at higher 
temperature, the operating line moves closer but not near to the surge line. By using variable 
4 
geometry compressor and turbine, the operating line can be moved even further away from surge, 
and this is useful in maintaining system stability when operating in tropical areas. There are also 
additional benefits of extending the operating range and increasing overall system efficiency, by a 
maximum of 3% and 1.5% respectively.  
 
The Trigeneration model results show that the double effect absorption cooler is the most energy 
efficient heat recovery unit to be integrated with the SOFC-GT system. When there are fewer 
occupants in the ship, running fewer HVAC units than designed can reduce the volume of hot air 
from outdoor, hence requiring less electrical energy for cooling and dehumidification, increasing 
overall system efficiency. When the number of HVAC units in operation is reduced from 7 to 3 in 
Ship 1, the maximum number of people allowed indoors (with 18 litres/s per person of air flow rate 
to ensure freshness of air) is reduced from 138 to 59 persons, but the indoor heat needed to be 
removed is reduced from 321kW to 242kW. The absorption chiller removes nearly 50% of the heat 
from the indoor environment when 3 HVAC units are in operations. Hence, the net overall efficiency 
of the 250kWe Combined Heating, Cooling and Power system is increased from 43.2% for 7 units to 
64% for 3 units. Moreover, the net electric power (after air conditioning) available for base load is 
increased from 74kW to 116kW. 
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Nomenclature 
Abbreviations 
AC Alternating current 
AHP Absorption Heat Pump 
APU Auxiliary Power Unit 
BIMCO Baltic and International Maritime Council 
CFD Computational Fluid Dynamics 
CH4 Methane 
CNG Compressed Natural Gas 
CO2 Carbon dioxide 
COP Coefficient of Performance 
CCHP Combined Cooling Heating and Power 
CV Control volume 
DC Direct current 
DX Direct Expansion Coil 
GT Gas Turbine 
HVAC Heating, Ventilation and Air Conditioning 
IMO International Maritime Organisation 
LNG Liquefied Natural Gas 
LPG Liquefied Petroleum Gas 
MARPOL International Convention for the Prevention of Pollution from Ships 
MCE Mass Continuity Equations 
MEPC Marine Environment Protection Committee 
NOx Nitrogen oxides 
PEN Positive-Electrolyte-Negative 
PR Pressure Ratio 
PSSA Particularly Sensitive Sea Areas 
RH Reheat 
RTU Roof Top Unit 
SEAaT Shipping Emissions Abatement and Trading 
SECA SOx Emission Control Areas 
SFEE Steady Flow Energy Equations 
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SOFC Solid Oxide Fuel Cell 
SOx Sulphur oxides 
STCR Steam to carbon ratio 
TET Turbine Entry Temperature 
TSP Total specific power 
UNCLOS United Nations Convention on the Law of the Sea 
 
Roman Symbols 
Α Electron transfer coefficient - 
Acv specific surface area of the control volume  [m2/m3] 
D Diffusion coefficient [m2/s] 
Er Nernst potential [V] 
Eff Efficiency - 
F Faraday’s constant [C/mol] 
G Gravitational constant [m/s2] 
H Absolute specific enthalpy [J/kg] 
H Enthalpy [J] 
I Current density, component in fluid stream [A/m2] 
K Thermal conductivity [W/mK] 
Kp Equilibrium constant - 
L Thickness [m] 
m&  Mass flow rate [kg/s] 
M Molecular mass [kg/mol] 
N Number of moles - 
N&  Molar flow of stream [mol/s] 
P Pressure/partial pressure [N/m2], [Bar] 
Q&  Heat power [W] 
R Specific gas constant, resistance [J/kg/K],[Ohm] 
S Absolute specific entropy [J/kg/K] 
es  Heat generation or dissipation [J/kg] 
S Source or sink term  - 
Sj Discrete face - 
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T Time [s] 
T Temperature [K] 
U Velocity [m/s] 
Ua Air utilisation - 
Uf Fuel utilisation - 
V Voltage [V] 
W Specific work [J/kg] 
W Work [J] 
X Dimensional component [m] 
 
Greek 
η Overpotential/polarisation [Ohm] 
σ Electrical conductivity [S/m] 
μ  Dynamic viscosity [Pa] 
ρ  Density [kg/m3] 
τ  Stress tensor [Pa] 
 
Non-Greek 
Div Divergence operator [1/m] 
Grad Gradient operator [1/m] 
φ  Segment angle [Degrees] 
 
Subscripts 
0 Environment  
A Anode, dry air component  
A Activation, gas species in the flow mixture  
B1 Fresh air  
B2 Dehumidified air  
Act Activation  
C Cathode  
Cell Cell  
Comb Combustor  
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Comp Compressor  
Con Condensate  
Conc Concentration  
Cool Absorber  
Cv Control volume  
C Concentration, Cold side of Recuperator  
CA Cooled air  
CHP Combined Heat and Power  
Dp Design point  
DX Direct expansion coil  
E Electrolyte  
EA Exhaust air  
F Water vapour component  
GEN Generated by people in the room  
Gen Generator (heat source)  
Gene AC generator  
FAN Fan  
GT Gas turbine  
H Hot side of Recuperator, condenser  
H2 Hydrogen  
H2O Water  
I Compressor inlet guide vane angle setting, Turbine nozzle guide 
vane angle setting. 
 
In Inlet  
Invert DC-AC inverter  
Inter Intercooler  
Is Isentropic  
Isen Isentropic  
J Compressor diffuser angle setting, component  
La Anode limiting  
Lc Cathode limiting  
Load Load  
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L Limiting, evaporator, refrigerated space  
MA Mixed air  
Mech Spool mechanical  
Oa Anode exchange  
Oc Cathode exchange  
O2 Oxygen  
OA Outdoor air  
Ohm Ohmic  
Out Outlet  
Pump Pump  
PT Power turbine  
reforming Reforming reaction  
Rev Reversible  
RA Re-circulated air  
RH Reheater  
Recup Recuperator  
Rel Relative  
S Heat source  
SA Supply air for the room  
Shifting Water-gas shift reaction  
Stack Stack  
Th Thermal  
Turb Turbine  
T1 Humidified exhaust air  
T2 Hot air from fuel cell  
V Water vapour component  
vP water vapour from the perspiration of people inside the room  
Superscripts 
° standard-state values  
R Residual  
- Average component  
. Derivative with respect to time  
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Chapter 1 – Introduction 
1.1. Perspectives 
Global warming caused by the increase in carbon dioxide level as a result of manmade activities has 
become a major issue in our world.  The impact on the environment, biodiversity, fresh water, food 
supply and livelihood leads to a global effort and international agreement like the Kyoto protocol to 
reduce global carbon dioxide emissions. The aim to limit the increase in global temperature by a 
maximum of 2 degrees Celsius by the year 2050, relative to the 1990 level, is set to minimise the 
damage and stabilise the long term atmospheric carbon dioxide level and global temperature. 
 
Transport contributes to a significant proportion of the man-made greenhouse emission. In particular,  
shipping emissions are not covered by the Kyoto Agreement.  According to the latest United Nations 
International Maritime Organisation report (IMO MEPC 59/INF.10, 2009), electricity and heat 
production; manufacturing industries and construction; other energy industries accounted for 35%, 
18.2% and 4.6% of global CO2 emissions respectively in the year 2007. All the transport sectors 
produced 27% of global CO2 emissions, with international aviation, rail and other road transports 
emitting 1.9%, 0.5%, 21.3% of global CO2 emissions respectively in that year. Shipping contributed 
to 3.3% of global CO2 emissions, and emitted 1.046 billion tonnes of CO2 in the same year. If no 
further actions are taken, it is concluded that shipping greenhouse gas emissions could increase by up 
to 250% by 2050. More importantly, due to the lack of current regulations in shipping emissions, the 
most polluting “bunker fuels”, with significantly more sulphur than road diesel, are being used as 
fuel, generating significant SOx emissions (Vidal 2008) which could cause health problems. 
Minimising shipping emissions is beneficial to both public health and the environment. Hence there 
is a strong motivation to develop low carbon and energy efficient technology for marine applications.  
 
A fuel cell is a highly efficient energy conversion device which directly converts chemical energy 
from a fuel when reacted with oxygen, to produces electricity. It also has the benefit of producing 
much lower emissions compared with internal combustion engines. A gas turbine is a mature 
technology with good thermal efficiency, very good power per unit weight or volume compared with 
diesel engines, and it is reliable and easily available. An integrated system that combines a typical 
gas turbine cycle with a SOFC is mutually beneficial:  
 
A fuel cell is fed air by a compressor, and itself produces high temperature waste heat, reducing the 
amount of fuels burnt inside the combustor of the gas turbine cycle. The exhaust gas is expanded 
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through one or more turbines, producing work to drive the compressor and extra electricity via a 
generator. The overall thermal efficiency of the system can reach 60%, as shown in the later chapters. 
Moreover, the overall system efficiency can be further improved by recuperation and or intercooling.  
The practice of incorporating a high temperature Solid Oxide Fuel Cell to a ship is still being 
developed, with the use as an Auxiliary Power Unit being the most feasible option. (Urban 2008).  
 
The exhaust stream from the fuel cell-gas turbine system still contains a lot of heat energy. Even 
after the exhaust stream is passed through a recuperator for transferring heat to warm up cold 
incoming air of the system, the exhaust is still above 200°C.  It is becoming more and more common 
for buildings to use heat from the sun or waste heat as a power source to operate an absorption cooler 
and provide cooling. The same principle can be applied to a ship indoor environment. Hence, the 
heat from the fuel cell hybrid system exhaust can be further extracted by an absorption cooler, which 
could produce cool air for air conditioning of the ship indoor environment. This has the potential for 
saving electricity that would have been used in the ventilation, dehumification and cooling of the 
outdoor air via conventional vapour compression air conditioning units. The overall system 
efficiency (thermal and electrical combined) can be expected to be further increased to 85-90%. 
 
1.2. Fuel cell basics 
A fuel cell is an electrochemical energy conversion device, which generates electricity when a fuel 
and oxygen combine in an electrochemical reaction. The chemical energy of the fuel is converted to 
electricity and heat.  
There are five types of fuel cells; each operating at a different temperature range. Low temperature 
fuel cells include Proton Exchange Membrane Fuel Cell (PEMFC) and Alkaline Fuel Cell (AFC). 
Medium and high temperature fuel cells are Molten Carbonate Fuel Cell (MCFC), Phosphoric Acid 
Fuel Cell (PAFC) and Solid Oxide Fuel Cell (SOFC). SOFCs operate between 600 and 1000ºC. The 
direct fuels are hydrogen and carbon monoxide. The reactions occurring inside a SOFC are clearly 
illustrated in Figure 1.1. 
The following are equations of half reaction at anode and cathode, and overall reaction when 
hydrogen and carbon monoxide are used as fuel: 
Anode: 2H2 + 2O2- → 2H2O + 4e- (Hydrogen)       (1.1) 
or  2CO + 2O2- → 2CO2 + 4e- (Carbon monoxide)      (1.2) 
Cathode: O2 + 4e- → 2O2-         (1.3) 
Overall: 2H2 + O2 → 2H2O + Electricity + Heat      (1.4) 
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It is possible to use other fuels in a SOFC such as compressed natural gas. When methane is supplied, 
it can be converted to hydrogen by steam reforming and water-gas shift reactions at the anode, due to 
the high operating temperature at the SOFC. The equations are as follows: 
Steam reforming reaction: CH4 + H2O → 3H2 + CO [Endothermic]    (1.5) 
Water-gas shift reaction: CO + H2O → CO2 + H2 [Exothermic]    (1.6) 
 
Unlike internal combustion engines, fuel cells have both high electrical and overall thermal 
efficiencies, due to the fact that the energy conversion process is not subject to the Carnot principle 
and its related limitations. Hence, fuel cells produce very low emissions relative to fuel consumption.  
 
Moreover, they have the advantage of being modular and can therefore be built in a wide range of 
power requirements from a few hundred Watts up to MegaWatt sizes.  
 
 
Figure 1.1: Schematic diagram on how Solid Oxide Fuel Cell works 
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1.2.1. Components of SOFC 
A typical SOFC consists of the anode, cathode, electrolyte, and interconnect. The most common 
materials used in each component are shown in Table 1.1 below.  
Table 1.1: Typical Fuel Cell Component Materials (Larminie and Dicks 2003, Minh et al. 1995) 
Component Materials 
Anode Zirconia cermet with nickel 
Cathode strontium-doped lanthanum manganite. 
Electrolyte Yttria-stablised zirconia (YSZ) 
Interconnect Lanthanum chromite 
 
There are increasing interests in intermediate temperature SOFCs between 500 and 800ºC (Aguiar 
2005) due to faster startup time, the possibility of using less heat resistant component materials and 
hence less expensive. The potential new component materials that enable SOFCs to operate at 
intermediate temperatures are as follows (Minh et al. 1995, Weber and Ivers-Tiffée 2004): 
o Anode: Ceria 
o Cathode: Lanthanum strontium ferrite (LSF), lanthanum strontium cobaltite (LSC) 
o Electrolyte: Ceria-gadolinium oxide (CGO), Lanthanum gallate (LGSM) 
o Interconnect: Ferritic stainless steel 
 
1.2.2. SOFC Geometry 
SOFC has a wide range of geometries (Apfel et al. 2006):  
• Planar: Electrolyte-supported cell, anode-supported cell, interconnector-supported cell  
• Tubular: large-diameter, micro 
• Enhanced power density flattened ribbed tube 
• Integrated planar 
• Mono-block layer-build (MOLB) 
 
A summary of the advantages and disadvantages of various SOFC types can be found in Table 1.2. 
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Table 1.2: Pros and Cons of each type of SOFC (EG&G 2000, EG&G 2002, Hwang et al. 2005, 
Haynes 2002, Apfel et al. 2006) 
Fuel Cell Type Advantages Disadvantages 
Planar • Very high area (W/cm2) and volumetric 
(W/cm3) power densities 
• Can be manufactured by low-cost 
conventional ceramic processing 
techniques 
• Issues related to sealing around the 
edges of the cells  
• Problems related to control of 
temperature gradients which can 
cause cell cracking  
Large-diameter tubular • Less mechanically constrained to 
thermal expansion and contraction 
• Seal-less stack design 
• Low power density 
• Long start-up times 
• Expensive fabrication techniques 
Micro-tubular  • Rapid start-up 
• Small cell diameter and the low wall 
thickness prevent build-up of damaging 
thermal stress. 
• Cell interconnect and assembly issues 
are significant 
• Impossible to retain seal-less design 
of large-diameter tubular SOFC 
• Can mainly be used in smaller 
systems 
Integrated planar • Low cost component fabrication 
• Short current paths, hence significantly 
reduce ohmic losses 
• Less mechanically constrained to 
thermal expansion and contraction 
• Seal-less 
Unknown 
Flattened ribbed tubes • Obtain higher power densities than 
large diameter tubular cells 
• Reduction in resistance and cell cost 
• Require no seals 
• More compact stack 
Unknown 
MOLB • 3D structure less susceptible to thermal 
stress 
• Interconnects are flat, hence channel 
machining not necessary. 
Unknown 
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Planar  
The advantages and disadvantages of the planar single-cell self supporting versus external supporting 
configurations can be found in Table 1.3 
Table 1.3: Advantages and disadvantages of planar SOFC configurations (EG&G 2002) 
Cell configuration Advantage Disadvantage 
Self supporting 
Electrolyte supported Relatively strong structural 
support from dense electrolyte 
Less susceptible to failure due 
to anode re-oxidation 
Higher resistance due to low 
electrolyte conductivity 
Higher operating temperatures 
required to minimise electrolyte 
ohmic losses 
Anode supported Highly conductive anode 
Lower operating temperature 
via use of thin electrolytes 
Potential anode-reoxidation 
Mass transport limitation due to 
thick anodes 
Cathode supported No oxidation issues 
Lower operating temperature 
via use of thin electrolyte 
Lower conductivity 
Mass transport limitation due to 
thick cathodes 
External supporting 
Interconnect supported Thin cell components for lower 
operating temperature 
Stronger structures from 
metallic interconnects 
Interconnect oxidation 
Flow field design limitation due to 
cell support requirement 
Porous substrate Thin cell components for lower 
operating temperature 
Potential for use of non-cell 
material for support to improve 
properties 
Increased complexity due to 
addition of new materials 
Potential electrical shorts with 
porous metallic substrate due to 
uneven surface 
 
Flow fields (flow channels) are used in planar SOFC to increase uniformity of gas distribution and to 
promote heat and mass transport in each cell. In addition, the flow field is often designed to have 
sufficient pressure drop through the cell to promote cell-to-cell flow uniformity within the stack. 
Examples of flow patterns are: Z-flow, serpentine, radial and spiral (EG&G 2002). 
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Large-diameter Tubular  
The tubular SOFC was pioneered by Siemens Westinghouse (Ciesar 2001). Their large-diameter 
tubular SOFC is 150cm long and 2.2cm in diameter. The benefit of the tubular design means that it 
eliminates the need to have high-temperature gas tight seals. However, the design has low power 
density due to large voids within the stack structure and long current paths for electrical power 
through each cell, resulting in high ohmic losses. Fabrication cost is high due to expensive batch 
process of electrochemical vapour deposition (EVD) of electrolyte and electrode (Larminie and 
Dicks 2003, Haynes 2002).  
 
Micro-tubular  
To increase the power density of tubular SOFC arrangements, the empty voids within and around the 
tubular cells can be reduced by reducing the diameter to several millimetres (Apfel 2006). In Ota et. 
al. (2003), the micro-tubular SOFC had a diameter of 2.4mm, compared to 22mm in diameter for the 
large-diameter tubular cell. It was found from the steady state simulation that the temperature 
gradient in the micro-tube cell is six times larger than that of the standard cell. The transient 
simulation showed a quick response to a load change in the micro-tube cell (Ota et. al. 2003).  Nehter 
(2006) attempted to improve the micro-tubular concept further by cascading a single cell micro-tube, 
as shown in Figure 1.2. The local cell voltage is limited by the local Nernst voltage, due to 
thermodynamic principles. This means that the maximum voltage of common single cells with 
equipotential electrodes can reach the lowest Nernst voltage (highest fuel utilisation). Cascaded 
concepts allow realisation of different voltages at the cascades, and these voltages are added up to 
the overall cell voltage. Compared to common single cells, cascaded concepts are reducing the 
overall electrical current by the number of cascades. This could lead to lower ohmic polarisation 
losses than the common single cell concept. 
 
 
 
 
 
 
 
 
Figure 1.2: Illustration of cascaded micro-tubular SOFC (Nehter 2006) 
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Integrated Planar  
According to Magistri et. al. (2005), the Rolls Royce-designed integrated planar solid oxide fuel cell 
(IP-SOFC) concept brings the advantages of planar (low cost component fabrication and short 
current paths) and traditional tubular (less mechanically constrained to thermal expansion and 
contraction) SOFC together, by having several small-dimensions cells deposited over a vertical 
porous substrate and electrically connected in series, to obtain high voltage and low electrical 
currents. The thickness of the electrodes and the electrolyte is about 20-30μm. The power density is 
in the range of planar cells (Apfel et al. 2006). The IP-SOFC stack can be readily combined in a gas 
turbine hybrid system (Magistri et al. 2005).  
 
Flattened ribbed tube 
Flattened ribbed tube is an improvement of the large-diameter tubular SOFC by Siemens-
Westinghouse, aiming to enhance the fuel cell power density. The transverse section of the cells is 
flattened and the current path within the cathode is shortened (Apfel et al. 2006). 
 
Mono-block Layer-build (MOLB) 
In a MOLB SOFC, the anode, cathode and electrolyte layers are laminated into a single positive 
electrode/ electrolyte/ negative electrode (PEN) plate, which is then moulded unevenly in a 
trapezoidal shape. Such a design enhances its mechanical strength and increasing its power density. 
The corrugated-shaped PEN plate not only ensures that the effective active area is higher than the 
projected area, but also provides fuel and airflow paths, making the cell compact. Hwang et al. (2005) 
compared planar and MOLB-type SODC in detail, in terms of fluid flow, concentration and electric 
fields. It is shown that MOLB has a higher fuel/oxidant utilisation than the planar SOFC, reflecting 
the high current through the MOLB cell. 
 
1.2.3. Fuel Cell Irreversibilities 
Electrode Polarisations  
In a hydrogen fuel cell with known partial pressures of reactants and products, the theoretical open 
circuit voltage (Nernst potential) is determined by the Nernst equation: 
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In equation (1.7), Er is the Nernst potential; Eo is the Gibbs potential, at a standard pressure and is a 
function of temperature; F is Faraday’s constant;
2O
P is the partial pressure of oxygen; 
2H
P is the 
partial pressure of hydrogen and OHP 2 is the partial pressure of water. 
For a hydrogen fuel cell operating at 800°C, the Nernst potential is about 0.98V (Larminie and Dicks 
2003). However, the actual voltage is less than this when a fuel cell is put to use. Figure 1.3 shows 
the variation of cell voltage with current density for a typical high temperature fuel cell. The main 
characteristics are: The open circuit voltage is very close to the theoretical value. The initial fall in 
voltage is very small and the line is almost linear. At higher current density, the voltage falls rapidly. 
 
Figure 1.3: Voltage-current density plot of a typical high temperature FC operating at air 
pressure (Larminie and Dicks 2003) 
The difference between the theoretical (ideal) and actual voltage is known as overvoltage, 
overpotential or polarisation. It is due to the following three fuel cell irreversibilities (Larminie and 
Dicks): 
1. Activation losses: These are caused by the slow reactions taking place on the electrodes 
surface. A portion of the voltage generated is lost in driving the chemical reaction that 
transfers the electrons to or from the electrode. 
2. Ohmic losses: The voltage drop is due to resistance to the flow of electrons through the 
electrodes material and the various interconnections, also the resistance to the flow of ions 
through the electrolyte. The voltage drop is linearly proportional to current density. The slope 
of the line is the resistance.  
3. Concentration losses: These result from the change in concentration of the reactants at the 
surface of the electrodes as the fuel is used. Concentration affects voltage. The reduction in 
concentration is due to failure to transport sufficient reactants to the electrode surface.    
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The total polarisation of a cell, η, is the sum of activation losses (ηA), concentration losses (ηC) and 
ohmic losses ηΩ. Activation polarisation (ηA) consists of polarisation of anode (ηa) and cathode (ηc). 
The operational fuel cell voltage can be stated as:  
Ω−−−= ηηη CArEE          (1.8) 
 
 
 
 
 
 
 
 
 
Figure 1.4: Summary of effects of fuel cell irreversibilities on voltage 
 
The effects of polarisation on power of fuel cell are shown in Figure 1.5. 
 
Figure 1.5: Effects of overpotential on fuel cell power output (Minh et al. 1995) 
 
The performance of a typical solid oxide fuel cell can be shown clearly in the Figure 1.10. At higher 
temperatures, the slope of the graph decreases, and is because the slope represents the fuel cell ohmic 
resistance or loss, which becomes less at higher temperature (Minh et al. 1995).    
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Figure 1.6: Dependence of cell performance on temperature. The fuel contains 67% H2, 22% 
CO, 11% H2O. Fuel utilisation is 85% and oxidant (pure oxygen) utilisation is 25% (Minh et al. 
1995) 
 
1.3. Integrating SOFC with gas turbines 
Fuel cells can convert a fuel directly to electricity (and heat) via electrochemical reactions, allowing 
for good efficiency and potentially zero emissions. A high temperature Solid Oxide Fuel Cell (SOFC) 
system has proved an efficiency of up to 55% (Larminie and Dicks 2003).  
The high operating temperature allows internal reforming of methane fuel, and produces a high 
quality by-product heat for use in a bottoming cycle. The high temperature also allows use of non-
noble catalysts in SOFC, compared to platinium required in Proton Exchange Membrane Fuel Cells 
(PEMFC). This reduces the capital cost and makes the whole system relatively less sensitive to fuel 
impurities. The heat from the exhaust stream is normally wasted, and this limits the system 
efficiency. Moreover, the voltage of the SOFC system can be improved at higher operating pressure. 
The gas turbine is a well developed technology with the following main advantages: 
• relatively low cost, due mainly to the underlying research in aircraft engines 
• good thermal efficiency, when a heat exchanger or recuperator is used 
• very good power per unit weight or volume compared with diesel engines 
• great reliability and availability 
There have been great improvements in the gas turbine thermal efficiency, although the thermal 
efficiency is still behind the most advanced diesel engines. Gas turbines also tend to have poor part-
load performance. Complex state-of-the-art configurations have efficiencies of close to 50%.  
An integrated cycle that combines a typical gas turbine cycle with a SOFC is mutually beneficial: A 
fuel cell is fed air by a compressor, and itself provides heat like a combustor to the turbine with a 
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high temperature. The exhaust gas is expanded through one or more gas turbines, producing work to 
drive the compressor and extra electricity via a generator. Moreover, the overall system efficiency 
can be further improved by recuperation. 
 
1.4. Harbour and Sea Regulations to Reduce Shipping Emissions  
Shipping emissions are not covered by the Kyoto Agreement, and according to the latest United 
Nations International Maritime Organisation report (IMO MEPC 59/INF.10, 2009), shipping emitted 
1.046 billion tonnes of CO2 in the year 2007, and thereby contributed 3.3% of global CO2 emissions. 
In addition, due to the lack of current regulations in shipping emissions, the most polluting “bunker 
fuels”, with significantly more sulphur than road diesel, are being used as fuel, generating significant 
SOx emissions (Vidal 2008). According to a study by Corbett et al. (2007), particulate matters from 
ocean-going ships cause about 60,000 deaths a year from heart and lung-related cancers, with most 
deaths occurring in Europe, East and South Asia near the coastlines. 
 
As well as when moving, ships also pollute when docked and left idling. As a result, new and stricter 
regulations are being developed for ports. In late 2007, the Los Angeles and Long Beach ports in the 
United States started to require ships to turn off all on-board power systems when docked, using 
plugged in electrical systems instead (Makower et al. 2008). Stricter regulations regarding emissions 
in a wide range of sea areas are expected in the foreseeable future. Hence, it will be necessary to 
reduce the current level of emissions in order to be allowed to enter these restricted areas.  
In Europe, Particularly Sensitive Sea Areas (PSSAs) have been designated in most parts of the sea, 
including the Western European Waters and the Baltic Sea areas. PSSA is defined by the 
International Maritime Organisation (IMO). The provisions of the United Nations Convention on the 
Law of the Sea (UNCLOS) are relevant in the areas. In a PSSA, specific measures can be used to 
control the maritime activities in that area, such as routing measures, strict application of MARPOL 
(International Convention for the Prevention of Pollution from Ships) discharge and equipment 
requirements for ships, such as oil tankers; and installation of Vessel Traffic Services (Urban 2008). 
Since August 2006, the European Union has implemented regional level regulation in the form of 
SOx Emission Control Areas (SECAs), where the maximum sulphur level in marine fuels is set at 
1.5%, which is one-third of the maximum level stipulated by the IMO International Convention on 
the Regulation of Air Pollution from Ships (MARPOL Annex VI, 2008). European SECAs include 
the North Sea, the Baltic Sea, and the English Channel. This means that more expensive and cleaner 
fuel (distillate) needs to be used. However, the Annex at this stage allows the use of marine diesel oil, 
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as long as an approved exhaust gas cleaning system or any other verifiable technological method is 
fitted to a ship to reduce SOx to the required level. 
Over the long term, SECAs will not be enough to reduce SOx emissions. The Marine Environment 
Protection Committee (MEPC) of the International Maritime Organization (IMO) amended the 
MARPOL Annex VI regulations in October 2008. The main changes will see the global sulphur limit 
to be reduced (from the current 4.5%) to 3.5% by January 2012; and progressively to 0.5% by 
January 2020, subject to a review to be completed by 2018.  
In July 2010, the sulphur limit at SECAs was reduced to 1.00%; with further reduction to 0.1% from 
January 2015. 
Further, in January 2010, a maximum 0.1% sulphur limit was in place for inland waterway vessels 
and ships at berth in all European Community Ports. The alternative is to use approved exhaust gas 
cleaning system and/or use shore side power supplies.  
Besides SOx emissions, NOx emissions levels regulation has been revised and tightened as of 
October 2008. The new regulation follows a 3-tier approach. Tier I applies to diesel engines installed 
in ships built between January 2000 and January 2011. Tier II applies to new ships built on and after 
January 2011. Tier III applies to new ships built on and after January 2016, operating at Emissions 
Control Areas. The emissions limits in each tier vary with the engine revolutions per minute (rpm). 
Should an upgrade kit be available, NOx standards will retroactively apply to existing ships built 
from 1990 to 2000 with engines >5000 kW and ≥ 90 l displacement (IMO website MARPOL 2008). 
Moreover, incorporating shipping into a global carbon dioxide emissions trading scheme or charging 
a climate levy on bunker fuel are efficient and cost effective in delivering emissions reductions, and 
likely to be introduced in the 2012 post-Kyoto climate regime (IMO MEPC 59/INF.10, 2009). 
In addition, the Shipping Emissions Abatement and Trading (SEAaT) has carried out a Sulphur 
Emissions Offsetting Pilot Project, to explore the application of emissions trading for reducing 
sulphur emissions from shipping activities (SEAaT website 2006). 
Due to the increasing regulations, ship owners are encouraged to seek ways to increase energy 
efficiency and reduce consumption of fuels onboard. 
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1.5. Marine Fuel Cell-Gas Turbine System 
The most common power source on board of luxury yachts as well as other seagoing vessels is the 
diesel generator. The diesel generator has a good ratio of available power to mass and volume. 
The demand for available power is steadily increasing and ever larger engines with high power 
outputs are being installed. However, diesel engines produce noise and vibrations as well as 
emissions such as NOx, SOx and particulates. In order to minimise noise and vibrations, shock 
absorbers and other passive means are used to reduce the propagation of noise and vibrations within 
the vessel. These passive provisions are cost intense and additional weight is added to the ship. 
In order to reduce fuel consumption and emissions, one option is to replace some of the existing 
diesel generators with a solid oxide fuel cell (SOFC). The noise and vibration level on board can also 
be reduced significantly.  
The power demand of a yacht depends on its mode of operation. Most electrical power is required 
when the electrically powered auxiliary drives, like stern and bow thrusters or pump jets, are used. 
These drives are used in manoeuvring or dynamic positioning mode, and modes of operation are not 
bounded to any fixed schedule but depend on the habits of the owner.  
Due to the relatively new technology of the fuel cell, the long start-up and stopping time (typically 
18-30 hours on average) and limited load following capability, fuel cells are only operated at 
constant power output to meet base load demands. This means that the fuel cell system is only an 
auxiliary power unit (APU).  
The minimum average load occurs in harbour operation. The base load of a mega yacht with a length 
longer than 50 metres is in the range of 15-25% of total installed electrical power. Small load 
fluctuations will be compensated by an energy storage system or a gas turbine system. Additional 
load during the sea mode and manoeuvre mode can be provided by the conventional diesel 
generators, operating in parallel to a fuel cell system (Urban 2008). 
Past papers have only discussed the application of a 300W Proton Exchange Membrane Fuel Cell 
with reforming for sailing yacht application (Beckhaus et al. 2005); and a 500kWe Molten Carbonate 
Fuel Cell system with diesel reforming for cruise, passenger or commercial ship (Bensaid et al. 
2009).  
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1.6. Choice of Fuel for Marine SOFC-GT Systems 
The choice of fuel for the powering of a fuel cell system onboard the yacht depends on the available 
technologies for fuel cells and the fuel production pathways, limited by the restriction of fuel and 
fuel quality for shipping.  
The following shows the pros and cons of fuel available from each production pathway; and the 
safety and requirements as a fuel for a fuel cell system. 
 
1.6.1 Hydrogen 
Although hydrogen itself is a compatible fuel with the majority of fuel cell systems, it is impractical 
to use as a primary shipping fuel, due to: 
• Relative low power density, i.e., large volume requirements 
• Lack of supply infrastructure 
• Only relevant for applications with low power and frequent refuelling opportunities, i.e., ferries, 
inland water vessels, coastal vessels (Stenersen 2006)  
 
1.6.2 Liquid Hydrocarbons 
In general hydrocarbons at liquid state (at standard temperature and pressure) have significant 
advantages over hydrogen for energy storage onboard the yacht, namely: 
• Relative high power density 
• Supply infrastructure is available (at least for marine diesel oil or marine gas oil) or possible 
with "moderate" investments being established 
• Relevant for high power applications without frequent refuelling opportunities, i.e., all other 
seagoing ships (Stenersen 2006) 
 
1.6.3 Diesel 
The use of shipping diesel is the preferred option given the existing infrastructure of many shipyards. 
Yacht owners would usually try to run the engines with high quality fuel. These fuels have a sulphur 
content of approximately 0.2% to 0.5%, which significantly hinders reformation to methane or 
hydrogen for use in the fuel cell. Indeed, the technological feasibility (Lindermeir et al. 2007, Kang 
et al. 2008, O’Connell et al. 2009, Lindström et al. 2009, Karatzas et al. 2010, Grote et al. 2011) and 
cost for reformers which can deal with such high sulphur content rules out diesel as an option for 
shipping (Urban 2008). 
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A possible option would be to have a separate fuel tank for sulphur-free diesel which is processed 
on-shore especially for fuel cell yachts. Reformation of sulphur-free diesel is possible and has been 
demonstrated in research projects (Boon et al. 2011). This would generate additional costs in the 
production of such fuel, but the components and the procedure to design such a system are well 
known and it implies minimum risks for the shipyard and the owner (Urban 2008). 
 
1.6.4 Liquefied Petroleum Gas (LPG) 
Liquefied petroleum gas (LPG) needs to be stored in cylindrical pressure tanks at approximately 8 
bar, and has to be placed in a separate room with additional safety equipment. Compared to a diesel 
tank, less fuel can be stored within a given space.  
LPG is available worldwide and present infrastructures can be used to supply yacht marinas. 
Reformation of LPG is necessary in order to receive a methane rich gas that is suitable for the SOFC  
(Urban 2008). 
 
1.6.5 Liquefied Natural Gas (LNG) 
Liquefied natural gas (LNG) is a natural gas (primarily methane, CH4) that has been converted to 
liquid form for ease of storage or transport. A reliable infrastructure for LNG is currently not 
available for shipping, and is therefore not a current option. Indeed for ships/yachts that are 
frequently at many ports rather than those with defined routes, the access to LNG is far more critical. 
 
In addition, shale gas, with almost identical chemical compositions as natural gas, has recently been 
seen as a new source of low carbon fossil fuel. It is widely available, with huge reserves around the 
world. China and United States have the most technically recoverable shale gas reserves, with 1275 
and 862 trillion cubic feet respectively. (Economist Intelligence Unit report, Nov 2011). Some 
research (Burnham et al. 2011) claim that the life cycle greenhouse gas emissions of shale gas is 6% 
lower than the conventional natural gas. However, the shale gas extraction process involves 
hydraulic fracturing or fracking, which a mixture of sand, water and chemicals are blasted deep 
underground to release natural gas (mainly methane) trapped in shale rock formations. There are 
concerns that the process might contaminate aquifers and pollute ground water sources if drilling 
practices are poor. Also, if the methane gas is leaked into the atmosphere, it could worsen global 
warming, as methane is 72 times more effective in trapping heat in the atmosphere than carbon 
dioxide, over a 20-year timescale (IPCC Fourth Assessment Report 2007) As a result, many 
governments around the world are still cautious about fracking, with a few banning the process, 
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while other governments are spending more time to study the healthy and safety issues. As long as 
those environmental concerns are addressed, shale gas can potentially become a major source of fuel 
for marine transport in the medium term.  
 
1.6.6 Fuel Safety and Requirements 
The International Maritime Organisation (IMO) strictly regulates the use of permissible fuels for 
waterborne applications. In general only fuels with a flash point above 60°C are permitted. Fuels 
with a lower flash point require special measures regarding fuel handling, storage and safety devices 
(Urban 2008).  
A fuel for a SOFC needs to be able to be reformed to form a methane rich gas. This gas must be free 
of any components that lead to fast degradation of the stack. The land based system is designed to be 
fed by natural gas. Minimum change to the SOFC must be made if LNG is used on board. In the past 
years LNG has gained more and more importance as a fossil fuel. Many LNG terminals have been 
built or are being planned. Also several ferries have been built in Norway which are fuelled with 
LNG (Urban 2008). 
 
1.6.7 Candidate Fuels for Fuel Cell Systems 
Based on the fuel availability, practicality and safety criteria, the following conclusions are made for 
a candidate fuel for fuel cell systems: 
• LPG is the most compatible fuel for near to mid-term 
• Diesel is preferred for long-term 
• Reforming and desulphurisation remains too challenging 
o Synthetic (zero sulphur) diesels can be made from Fischer–Tropsch process, but not 
currently available 
• When LNG becomes more widely available, it will also be a long-term option 
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1.7. Motivation and Novelty 
The motivation of this project is that the manmade carbon dioxide levels are increasing in the 
atmosphere. This leads to global warming with serious consequences like rising average 
temperatures, rising sea levels that would put people living in low-lying regions at risks, extreme 
weather conditions, flooding, loss of biodiversity, food and water shortages. Shipping greenhouse 
gas emissions are predicted to increase by up to 250% by the year 2050 if no further actions are 
taken, due to increasing marine trade and tourism activities. Therefore, it is important to develop 
technology reduce emissions and improve energy efficiency in a cruise ship. Integrating a SOFC 
with a Variable Geometry Gas Turbine in a Combined Heating and Cooling and Power System can 
bring significant environmental benefits and energy savings.  
The aim of the research work presented in this thesis is to carry out a system configuration and 
integration analysis of combining a Solid Oxide Fuel cell, a gas turbine and an exhaust waste heat 
recovery device for Combined Heating, Cooling and Power system.  This is to meet the base load 
(electricity) requirements for a 50-metre long yacht or cruise ship. 
The main novelty of the project is that at a macro level, the new integration of (1) a SOFC-GT 
Matlab system model with variable geometry compressor and turbine; and (2) a trigeneration thermal 
management system model. In addition, the application of the trigeneration model for shipping 
applications, based on real ship base load requirements, HVAC unit specifications, typical outdoor 
and indoor air temperatures and humidities is new.  
For each of the two models, the novelties are as follows: 
• In the SOFC-GT system model, the analysis of the effects of operating the variable geometry 
turbomachinery in different (compressor inlet guide vane, diffuser angles and turbine nozzle 
guide vane angles) settings within a SOFC-GT system on off-design system performance are 
carried out. 
• For the Trigeneration system, applying a SOFC-GT-Combined Heating Cooling and Power 
system for providing base load (ventilation, air conditioning, lighting, electrical appliances) 
in a marine application is completely new. 
 
The main contributions to knowledge in this project are as follows:  
• Integration SOFC-GT system with conventional HVAC and absorption chiller to meet the 
electric load, air conditioning and heating requirements in a 50m long cruise ship, and 
determine optimum system configuration and operating conditions. 
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1.8. Thesis Objectives/Research Aims 
This research is a part of a European Commission-funded FELICITAS project, in collaboration with 
academic and commercial partners in 8 EU countries. My contribution was to analyse and determine 
SOFC-GT hybrid system configuration for optimise performance. By using variable geometry 
turbomachinery maps from project partner National Technical University of Athens; and shipping 
duty cycles, power requirements data, and typical ship outdoor and indoor temperatures and 
humidities scenarios from partner Lürssen, a system that can operate safely, with ease of operating 
and good performance could be designed. The partners’ contributions were on simulating 
performance and duty cycles of fuel cell hybrid systems and fuel reforming (methane and diesel) 
technology for land based and marine transport. There will be no cost analysis on the system. 
 
The main objectives of the projects are:  
1. Carry out steady state design point, off-design and sensitivity analysis of the SOFC-GT 
system, with variable geometry compressor and turbine. 
2. Using real ship duty cycles load requirements, indoor air conditioning requirements, and 
typical outdoor conditions to optimise SOFC-GT-Trigeneration system configuration to make 
the best use of waste heat from fuel cell for absorption cooling, increase energy efficiency 
and reduce the use of electricity to provide conventional HVAC cooling for the ship indoor 
environment. 
 
The core of the thesis contains three main divisions:  
• Part 1: Introduction to the theory and modelling assumptions of the model for simulating 
different system configurations and optimising the SOFC-GT system. 
• Part 2: Scenario analysis in order to decide system configuration for optimum design point 
and off-design performance of chosen SOFC-GT system. Also, a parametric study on the 
effects of small changes in operating conditions, choice of system components, ambient 
condition changes, operating the system within safety range, and variable geometry 
turbomachinery settings on the system performance are analysed.  
• Part 3: Thermal management model of absorption chiller and desiccant wheel for ship indoor 
air conditioning and ventilation. 
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1.9. Thesis Outline 
Chapter 1 summarises the motivation for simulation SOFC-GT Trigeneration system and gain better 
understanding issues related to marine applications. 
Chapter 2 reviews available literature related to SOFC system, cell, computational fluid dynamics, 
absorption cooler, desiccant wheels and trigeneration systems.  
Chapter 3 presents an improved SOFC-GT system model in Matlab based on previous work, by 
explaining the theory, new improvements to the model as well as the design point parameter settings.  
Chapter 4 shows the results on the sensitivity analysis of system configuration, ambient condition 
change, choice of components, variable geometry turbomachinery settings on system performance in 
design point and or off-design. The effects of performance within safety air and fuel utilisation 
ranges are also determined.  
Chapter 5 explains different system configurations for making best use of waste heat from the fuel 
cell system for providing source of power for cooling to improve overall efficiency, and reduce 
dependence of conventional electricity driven HVAC systems. 3 typical indoor and outdoor 
temperature and humidity conditions are simulated to determine the optimum configuration for 
incorporating absorption cooler and/or desiccant wheel together with conventional HVAC system 
that are energy saving, within the combined heating, cooling and power system. 
Chapter 6 presents a discussion of the results and draw conclusions. Suggestions are given for future 
work that can improve accuracy and provide better understanding on how the fuel cell hybrid system 
works, as well as the trigeneration system configurations, hence contributes new knowledge to 
academia. 
 45 
Chapter 2 
Literature Survey 
This research covers a wide range of areas, from detailed fuel cell Computational Fluid Dynamics 
model to hybrid system model; from steady state off-design analysis to sensitivity analysis.  
 
2.1 Previous Research 
Previous studies by Pangalis et al. (2002), Cunnel et al. (2002), and Galinaud (2004) at Imperial 
College London focused on integrating a SOFC with a gas turbine in hybrid cycle system models. 
Sudaprasert (2005) completed a 3D CFD model of planar SOFC single-cell and stack at steady state.  
Pangalis et al. (2002) developed a zero dimensional tubular fuel cell thermodynamic model at steady 
state, based on the Westinghouse tubular SOFC system. Pre-reforming and internal reforming of 
methane is included. The fuel cell model is then incorporated into various gas turbine hybrid cycles as 
follows, suggested in Cunnel et al. (2002):  
 Simple Gas Turbine-Fuel Cell, Recuperated Gas Turbine-Fuel Cell, 
 Intercooled-Recuperated Gas Turbine + Fuel Cell, 
 Intercooled-Recuperated Gas Turbine-Reheat Fuel Cell, and finally 
 Intercooled-Recuperated Gas Turbine-Fuel Cell-Reheat Fuel Cell.  
The thermal efficiency and net specific power of each cycle are determined. The maximum and 
minimum operating pressure of each case is found. 
Galinaud (2004) improved the accuracy of the system thermodynamics model and emphasised on 
determining the design point for simple hybrid, recuperated and intercooled-reheat cycles.  
Fuel cell voltage versus current density data from the published Siemens Westinghouse performance 
curves for a wide range of operating pressure were integrated into the fuel cell module of the system 
model. Curves of pressure within the range of pressures were interpolated. A power split between fuel 
cell and gas turbine in generating electricity was set. By running each cycle in a wide range of pressure 
ratio, Turbine Entry Temperature and then cell current density, optimum design point were determined 
to ensure good cycle thermal efficiency and power density. It is found that the intercooled-
recuperated-SOFC-GT system offers the optimum cycle thermal efficiency and power density. 
Sudaprasert (2005) created a 3D CFD model of a hydrogen-fuelled planar SOFC using a commercial 
finite volume package STAR-CD. Electrochemical reactions, polarisation, diffusion, heat transfer 
(conductive and convections) were modelled in single cell and stack conditions. Subroutines were 
written to account for the electrochemical reactions and heat released from the reactions. Temperature 
distribution, hydrogen/air concentrations were found. The relationship between current and voltage of 
the fuel cell stack was plotted and validated with other experimental data from publications. 
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2.2 Modelling Approaches from Micro to Macro Scales 
Computer models predicting performance can improve the understanding and development of SOFCs. 
Running computer simulations has the advantage of saving time and cost to build and operate a 
demonstration-scale equipment, and enables the prediction of cell performance when multiple 
operating conditions are varied, for example pressure, temperature and gas compositions (EG&G 
2000).  
 
When physical properties or reaction kinetics are not known reliably, they can be estimated by fitting 
performance data on small-size, laboratory-scale cells to a mathematical model (Singhal and Kendall 
2003). In the case of Galinaud (2004), published voltage-current density test results (for varying 
operating pressures from 1 bar to 30 bars) of the Westinghouse commercial prototype 2.2cm diameter, 
150cm active cell length tubular SOFC were used in the fuel cell system model. The performance of a 
small-size, laboratory-scale cell, by fitting an appropriate model, can yield input parameters for the 
performance of a larger cell or stack. Moreover, it is hard to visualise or measure what is happening 
inside the fuel cell. Taking measurements within the fuel cell is difficult and could disturb the 
operation of the system. Having said that, it is important to verify computer model results with 
experimental testing data, to ensure accuracy. 
 
Various modelling approaches are available, range from micro to macro scales. Micro modelling 
includes molecular level models and electrochemical models at the electrode level. Although these 
models can help improve the accuracy of fuel cell modelling, they are far too detailed and theoretical 
to be included into this relatively practical research project.   
 
Since the aim of the PhD is system integration, the emphasis of the model is towards macro modelling. 
This includes cell- and stack-level modelling, and system-level modelling. Flow and thermal models 
(mass balance, conversation of momentum and energy balance), continuum-level electrochemistry 
models, chemical reactions and rate equations models are part of either or both macro models. 
Although thermal-mechanical modelling is crucial for determining thermal stress at different 
components of the fuel cell, it is out of scope of this study.  
 
A number of published papers have completed comprehensive literature reviews on SOFC and/or its 
integration with gas turbine. 
Bove and Ubertini (2006) summarised solid oxide fuel cell operation modelling in terms of approaches, 
techniques and results. Comparisons of 0D (system model), 1D, 2D, 3D (cells) SOFC modelling 
techniques were made, and results of some of the authors’ previous models were shown. 
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Kakaç et al. (2007) summarised the present status of the SOFC modelling efforts so that unresolved 
problems can be identified by researchers. They concluded that detailed analysis of velocity and 
temperature distributions, mass transport phenomena with electrochemical processes, and the micro-
structure of the component material properties must be interconnected, for performance analysis and 
optimisation of efficiency of SOFCs, to be effectively used in automotive, stationary, and portable 
applications. 
Zabihian and Fung (2009) carried out a comprehensive literature survey on different types of SOFC 
hybrid systems modelling techniques. The detailed mathematical modelling and simulation 
methodology of the SOFC were not included in the review. The focus of the paper was to evaluate 
overall SOFC hybrid system performance and not on its component performance. It summarised the 
contents of journal papers that covered fuel choice, exergetic analysis, parametric analysis, 
configuration analysis, design point and off-design analysis, optimisation and economical analysis. 
Also, steady state, 0D, 1D, 2D problems for different applications and objectives were covered. The 
review found that many models were focused on studying the effect of various parameters on the 
system performance, also examining and comparing different configurations. Majority of the SOFC 
stack models were based on high temperature tubular SOFC with and without anode recirculation. 
Even for 1-D or 2-D system models, some components like gas turbine or heat exchangers might be 
modelled as 0-D. Many models were steady state and not fully validated against experimental data. A 
few of them were partially validated by validating the SOFC part. Hence, the paper suggested that the 
areas that need further studies included planar SOFC, off design conditions, coal and biogas fed hybrid 
cycle modelling, and model validation. 
Ang et al. (2011) reviewed the current state of modelling and optimisation of fuel cell systems. The 
existing models for portable, stationary and transportation fuel cell systems were identified and 
characterised by approach, state, system boundary, spatial dimension and complexity or detail. The 
different model-based design approaches such as parametric study, single-objective optimisation and 
multi-objective optimisation performed using fuel cell system models were summarised. A case study 
on the design of a fuel cell micro-cogeneration plant was presented to illustrate the use of modelling 
and optimisation in generating different design alternatives that contained trade-offs between 
competing objectives. It was found that most of the system level fuel cell models were lumped, steady-
state and based on either PEFC or SOFC; and majority of these models were semi-empirical. 
 
2.2.1 Flow and Thermal Models 
In Novaresio et al. (2012), an open-source tool was built as an add-on library of the existing 
OpenFoam® open-source software, to implement a model for the mass transport of multicomponent 
gas mixtures in a SOFC. The library provided many diffusive models and also for porous media. The 
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results were validated with the analytical solution of one-dimensional test cases. In addition, it was 
applied for the simulation of a real SOFC and further validated using experimental data. 
In the energy balance, heat transfer occurs by conduction, convection and radiation. For references in 
this area, please refer to Arato et al. (1994), Tannehill et al. (1996), Yuan et al. (1999), Yakabe et al. 
(1999), Suzuki et al. (1997) and Constamagna and Arato (1997).  
In a fuel cell operation, the flow, thermal, chemical and electrochemical systems are intrinsically 
coupled. Heat generation affects the temperature distribution and gas flow rate. Undesirable operating 
conditions may arise from the flow distribution (Arato et al. 1994). Due to the differences in 
coefficients of thermal expansion, temperature gradients during transient or stationary operation cause 
stresses that may lead to failure. Inter-diffusion of materials used for anode, cathode and electrolyte 
may lead to gradual performance degradations. In order to calculate flow and temperature, the 
following three conservation laws in fluid mechanics are used: Conservation of mass, momentum and 
energy (Tannehill et al. 1996).  
In energy balance, heat transfer between cell components must also be accounted for, either as 
boundary conditions (boundary heat flow) or as a volumetric heat source (contributing the Q term in 
energy balance equation). These heat source terms due to interfacial heat transfer occur mainly in two 
ways (Yuan et al. 1999): 
 Between cell components layers and flowing gas streams, e.g. between the anode side of the 
Positive-Electrolyte-Negative (PEN) and the fuel gas stream or between the interconnect and the 
oxidant gas stream. This type of heat transfer is best described in terms of convective heat transfer 
coefficient. 
 Between adjacent solid layers with different thermal conductivities at cathode, anode, electrolyte, 
or interconnect. This type of heat transfer may be folded into a lumped effective conductivity, e.g 
for the PEN. 
For convective heat transfer at the boundary between a solid layer and a fluid, continuity condition 
may be imposed (Yakebe et al. 1999). Radiative heat transfer is especially important in higher 
temperature SOFC system operating between 900 and 1000C, for example, the tubular design SOFC 
generator (Suzuki et al. 1997, Constamagna et al. 1997). 
  
Radiation Effects 
Yakabe et al. (2001) and Van der Steen et al. (2004) took radiation into account in the models. Yakabe 
(2001) mentioned that neglecting radiation phenomenon would lead to a steeper temperature profile 
and a shift of the maximum temperature upstream of the fuel flow. Van der Steen et al. (2004) 
confirmed that when radiation is modelled (from surface to surface radiation to cases with larger 
absorption coefficient, neglecting gas effects), the temperature across the length of the planar fuel cell 
fuel channel decreased. For tubular fuel cell, the average cell wall temperature also was found to drop 
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when radiation was modelled.  
Burt et al. (2004) developed a 2D numerical study of cell-to-cell variations in a 5-cell SOFC stack by 
considering the impact of flow distribution and heat transfer. Under a uniform flow distribution to 
each cell channel, an effect of radiation was studied. The result showed that by neglecting the radiative 
heat transfer, an increase in non-uniformity of the temperature distribution occurred within the stack. 
An overall stack temperature variation of the stack with radiation was smaller than that of the stack 
without radiation. 
In Xue et. al .(2005), the radiation effect was approximated using length concentric cylindrical theory. 
In Jahn et al. (2004), radiation was based on geometry and emissivity. Other SOFC models with 
simplified radiation assumptions can be found in Ota et al. (2003), Stiller et al. (2005a) and Kattke et 
al. (2011). 
Damm et al. (2005) investigated techniques to model radiation in great detail.  It was found to be 
challenging to include radiation in heat transfer models, due to the inherent complexity of the 
governing equations, which are integro-differential and depend on as many as seven independent 
variables (time, three position variables, two angular variables describing direction of propagation of 
radiation rays, and the wavelength). Moreover, the governing equations are non-linear, as the emissive 
power features a fourth-power dependence on temperature. Radiative properties are often highly 
dependent on wavelength of radiation and surface preparation, and a strong function of the 
temperature. Experimental data is very limited.  It was shown that radiative transport within the 
electrode and electrolyte layers, as well as surface-to-surface radiation within the fuel and oxygen flow 
channels, had the potential to dramatically influence temperature fields and overall operating 
conditions of SOFCs. On a larger scale, radiation from the stack to the environment, including heat 
losses through insulation, must be accounted for in the plant design, and was of critical importance for 
effective thermal management of the high temperature stack. 
 
2.2.2 Continuum-Level Electrochemical Model 
This section deals with Nernst equation, ohmic, activation and concentration polarisations, see EG&G 
(2000,2002), Riess (1981), Milliken et al. (1999), Tuller et al. (2000), Keegan et al. (2002).  
As mentioned in Section 1.4.1, the fuel cell’s operating voltage is different from the theoretical one 
due to ohmic, activation and concentration losses. The activation loss is usually related to the current 
density by the Butler-Volmer equation (Tuller et al. 2000). Noren et al. (2005) showed the importance 
of including the activation losses in a model designed to accurately predict the voltage-current 
relationship of a relatively low temperature SOFC (750-800ºC). Butler-Volmer Equation or an 
appropriate approximation (hyperbolic sine) should be used for accurate predictions of activation 
losses in solid oxide fuel cell models. High-field (Tafel equation) and low-field (linear current-
potential equation) approximations should be avoided unless the range of values of the current density 
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to exchange current density ratio is clearly established to be within the approximation’s range of 
applicability. 
The fuel cell performance can be illustrated in the voltage versus current density graph. Figures 2.1 
and 2.2 are performance graphs of planar SOFC with data extracted from experimental results. Figure 
2.1 shows that increasing oxidant composition improves the power density as well as reducing Ohmic 
loss, hence it is better to have pure oxygen stream if available. Figure 2.2 shows the effects of 
temperature on fuel cell performance. It is shows that at higher temperature, the fuel cell performance 
is better due to faster electrochemical reactions and hence lower activation loss. The slope of the 
voltage-current curve is less steep at higher temperature, and as a result the power density is higher. 
Figure 2.3 presents the estimated performance of the Siemens Westinghouse flattened ribbed tube 
design versus that of the conventional 2.2 cm tubular design. It can be shown clearly the power density 
performance of the new design is far better than that of tubular design. 
Figure 2.4 shows the testing results of a Siemens Westinghouse Air Electrode Supported tubular 
SOFC for varying operating pressure. The data are applied and interpolated in the fuel cell module of 
the fuel cell-gas turbine hybrid system model of Galinaud (2004). 
 
Figure 2.1: Effect of oxidant composition on an anode-supported planar SOFC (EG&G 2000)  
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Figure 2.2: Performance of planar SOFC at varying temperatures (EG&G 2000) 
 
 
Figure 2.3: Projected performance of flattened tube compared with tubular design (EG&G 2000) 
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Figure 2.4: Effect of pressure on Siemens Westinghouse Air Electrode Supported Tubular SOFC 
(2.2 cm diameter, 150 cm active length) performance at 1000°C  (EG&G 2000) 
 
2.2.3 Chemical Reactions and Rate Equations 
An SOFC produces electricity when hydrogen and carbon monoxide react with oxygen from air in 
electrochemical reactions. It is possible to convert other fuels to hydrogen and carbon dioxide via 
internal or external reforming processes. In the case of methane, this is achieved by steam reforming 
and water-gas shifting reactions. Please refer to Chapter 1 section 1.2 for the basic theory of reforming 
and electrochemical reactions, and Chapter 3 section 3.3 for the methane reactions within the fuel cell 
system model. More details on the reforming reactions of a wide range of fuels can be found at Murray 
et al. (1999), Park et al. (2000), Hibino et al. (2000), Lindermeir et al. (2007), Kang et al. (2008), 
O’Connell et al. (2009), Lindström et al. (2009), Karatzas et al. (2010), Grote et al. (2011), Boon et al. 
(2011), Liso et al. (2011) and Ni (2012).  
 
2.2.4 Cell- and Stack-Level Modelling 
Cell- and stack-level models are formulated to investigate fine details of fuel cell operation to address 
particular design issues. These may include mass transport through anode, cathode and electrolyte, or 
the effects of cell geometry. It requires the introduction of additional fuel cell material properties, 
geometrical parameters, operating parameters, and boundary conditions. It is generally the solution to 
systems of partial differential equations on mass, momentum, energy, chemical species and charge 
balance. Hence, finite volume method like Computation Fluid Dynamics (CFD) is generally used to 
solve the equations (EG&G 2000, Recknagle et al. 2003). It is also possible to solve the equations by 
discretisation of the models in a finite element mesh (Cook et al. 1989, Fiard et al. 1994). The solution 
shows the cell/stack voltage, the total current output, temperature distribution and reactants/products 
concentration. Moreover, cell and stack efficiency can be determined. 
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Cell-and stack-level models can improve understanding of the complex interactions between fluid 
dynamic, thermal, chemical and electrochemical phenomena. The combined models can therefore help 
maximise efficiency or power density by optimising positive electrode/electrolyte/negative electrode 
(PEN) element design, cell configuration, and stack architecture for a given set of operating conditions. 
Cell-level models simulate the performance of a single cell, also known as a unit cell. The desired 
output is the current-voltage relationship, the temperature distribution, and the heat production in the 
cell. Cell-level models frequently treat the major cell component, the PEN element, the interconnect 
layer, and the gas flow, as 2D – by negligible thickness compared with the dimension of the flow 
direction (Milliken et al. 1999, Vayenas et al. 1985, Ahmed et al. 1991, Costamagna et al. 1998). A 
fully 3D model (Ferguson et al. 1996, Yuan et al. 1999, Yakebe et al. 2000, Iwata et al. 2000) is 
necessary for a more accurate thermal analysis of a stack or for a detailed analysis of the temperature 
profile at the contact regions between the PEN element, current collector/gas channel profiles, and the 
interconnect layer.  In those cases, a more detailed heat source calculation is needed. It is necessary to 
distinguish three different types of heat effects acting in specific components of the fuel cell: chemical, 
electrical and electrochemical. 
Chemical reactions (reforming and shift reactions) take place at the anode side, and chemical heat 
effects represent an important heat source (or sink) term for the anode and the fuel channel. The 
electrical heat effects are caused by resistance to current flow, which yields ohmic heating. The 
electrochemical heat effect has two components: reversible or entropic heat effect (positive or negative, 
endothermic or exothermic), and irreversible heat generation (also exothermic).  
Irreversible heat generation due to the electrochemical reaction can be concisely represented by the 
local planar heat source for a two-electron reaction (due to activation and concentration polarisations). 
In an approximately 3D cell or stack model, it is common to use a lumped electrochemical heat 
generation, assuming that a uniform distribution of the reversible and irreversible heat generation over 
the respective electrode. 
Hajimolana et al. (2011) presented a review of studies published in all peer-reviewed literature on 
mathematical modelling of solid oxide fuel cells (SOFCs) with respect to the tubular and planar 
configurations. In the work, both configurations were divided into five subsystems and the factors 
such as mass/energy/momentum transfer, diffusion through porous media, electrochemical reactions 
with and without CO oxidation, shift and reforming reactions, and polarisation losses inside the 
subsystems are discussed. Using variety of fuels fed to SOFCs was issued and their effects on the 
system were compared briefly. A short review of solid oxide fuel cell configurations and different 
flow manifolding were also presented in this study. 
Kattke et al. (2011) presented a steady-state design and simulation tool for a highly integrated tubular 
SOFC system. The SOFC was modelled using a one-dimensional tube model coupled to a three-
dimensional computational fluid dynamics (CFD) model. Recuperative heat exchange between SOFC 
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tail-gas and inlet cathode air and reformer air/fuel preheat processes were captured within the CFD 
model. The simulation tool was demonstrated on a prototype 66-tube SOFC system with 650W of 
nominal gross power.  The full bundle model had simulated the temperature distribution, oxygen mole 
fraction along the axial direction of each individual tube. 
 
For cell-level models, refer to Sudapresert (2005), Cook et al. (1989), Fiard et al. (1994), Vayenas et al. 
(1985), Ahmed et al. (1991), Costamagna et al. (1998), Ferguson et al. (1996), Yuan et al. (1999), 
Yakabe et al. (2000), Iwata et al. (2000), Yakabe et al. (2001), Recknagle et al. (2003), Koh et al. 
(2003), Van der Steen et al. (2004), Hwang et al. (2005), Campanari et al. (2005), Pfafferodt et al. 
(2005), Li et al. (2005a), Musser et. al (2000). 
For stack-level models, refer to Burt et al. (2004), Burt (2005), Hajimolana et al. (2011) and Kattke et 
al. (2011). 
 
2.2.5 System-Level Modelling 
System-level models are generally macroscopic in nature. Basic design parameters and operating 
conditions are used to determine overall performance. These models solve mass and energy balances 
at various temperatures, pressures, fuel compositions, and other design set points from which the 
overall voltage, power output, and area are calculated. This information can then be used to optimise 
performance characteristics such as thermal efficiency, power output or costs (EG&G 2000). 
In SOFC systems, fuel and air enter the SOFC stack; while electricity, exhaust gas and potentially hot 
water or steam exit the system. Such systems include atmospheric SOFC CHP systems; pressurised 
SOFC-gas turbine hybrid systems; atmospheric SOFC residential and auxiliary power systems. The 
difference between an SOFC stack and an SOFC system is known as the balance of plant (BOP). The 
BOP equipment is different for each application, depending on the size of the system, the operating 
pressure, and the fuel used (Singhal and Kendall 2003). An example of balance of plant is fuel and air 
supply, anode re-circulation, start-up steam, purge gas, exhaust gas heat recovery, back-up power, 
power electronics and control system (Fontell et al. 2004). 
 
For system level design point models, refer to Pangalis et al. (2002), Cunnell et al. (2002), Galinaud 
(2004), Haynes et al. (2000), Pålsson et al. (2000), Pålsson et al. (2000), 
Winkler et al. (1999), Winkler et al. (2001), Chan et al. (2002b), Chan et al. (2003a), Massardo et al. 
(2000), Campanari (2000), Costamagna et al. (2001), Calise et al. (2005), Magistri et al. (2005). 
For system level off-design models, refer to Galinaud (2004), Massardo et al. (2000), 
Campanari (2000), Costamagna et al. (2001), Haynes et al. (2001), Winkler et al. (2002), 
Chan et al. (2003b), Calise et al. (2005), Uechi et al. (2004), Magistri et al. (2004), Stiller et al. 
(2005a), Magistri et al. (2005), Ferrari et al. (2005), Stiller et al. (2005b). 
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Pressurised SOFC-GT Hybrid Systems 
Combining a pressurised SOFC stack with a gas turbine promises very high efficiencies (60-75%), 
with negligible emissions. Air is compressed in the region of 3-30 bar; fuel is subsequently burned  
(typically 3 to 4 times the stoichiometric amount); and exhaust gas (800-1300°C) is expanded in a 
turbine mechanically coupled to a generator and to the compressor. Due to the expansion in the turbine, 
the exhaust gas temperature drops to 250-600°C. The higher the pressure ratio between the turbine 
inlet and exhaust, the lower the exhaust temperature. The overall electrical efficiency ranges from 20% 
for small size turbines to 35% for large industrial turbines (Singhal and Kendall 2003). 
The air inlet temperature of an SOFC generator should be at least 500-650°C (EG&G 2000, 2002) to 
avoid thermal shock and possible damage to the SOFC stack. Therefore, heat recuperation is necessary. 
The choice of the pressure ratio between the gas turbine inlet and outlet is also limited. It is because at 
high pressure ratios, the exhaust gas temperature becomes too low to heat the air to the required inlet 
temperature of at least 500°C. Unless there is additional heating by conventional combustors, a 
pressure ratio of 2-4 is necessary. Without additional heating, the SOFC stack delivers about 65-80% 
of the total electrical power output of the hybrid system (Singhal and Kendall 2003). 
The efficiency of a SOFC-GT hybrid system depends on the system size, the configuration used, the 
use of additional heating and the performances of the SOFC and gas turbine technologies used. 
Efficiencies may range from 55 to 60% for a small, simple SOFC-GT system in the 250kW to 1MW 
range to almost 68% for a 5-10MW SOFC-GT system with intercooler and reheating by a separate 
SOFC generator. A total efficiency (thermal and electrical combined) of 85-90% may be expected. 
Emissions of NOx mainly depend on whether a conventional combustor is used in the hybrid system, 
but will be considerably lower than that for a comparable conventional gas turbine (Singhal and 
Kendall 2003).  
Besides enthalpy analysis, exergy analysis of the entire system is another way to evaluate 
irreversibilities in each component of the system, and hence the system can be optimised to improve 
performance. Haseli et al. (2008a, b) have carried out enthalpy and exergy analysis for a recuperated 
SOFC-GT system model almost identical in operating condition as the system described and explained 
in Chapter 3. Other papers covering system exergy are Chan et al. (2002b) and Calise et al. (2005).  
 
System Control 
When controlling SOFC systems, the main control parameter is the electrical power output of the 
system. The AC output is determined by the inverter connected to the SOFC stack. The fuel supply to 
the stack must follow the DC power demand by the inverter, which is needed to deliver the required 
AC power. This is more complicated than controlling gas turbines, whose power output is related 
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directly to the fuel flow. In the case of a SOFC-GT hybrid system, power control is even more 
complicated, since both the gas turbine generator and the SOFC stack deliver power.  
Fuel utilisation control is closely related to the power control. At the same power level, different levels 
of fuel utilisation are possible. If the fuel utilisation is too high, the oxygen partial pressure at the 
anodic side may become so high locally that nickel component might oxidise, causing irreversible 
damage to the anode. If the fuel utilisation is too low, a relatively large amount of anode exhaust gas is 
burned in the catalytic after-burner or combustion chamber. This may cause problems with 
overheating and thermal shock. Both effects limit the fuel utilisation within certain limits. Moreover, 
there is an optimum fuel utilisation for system efficiency. At a lower utilisation, the efficiency 
decreases because fuel is burned in the combustion chamber instead of being electrochemically 
converted to DC power. At higher fuel utilisation, the cell voltage drops, also causing an efficiency 
drop. The fuel utilisation level is generally 85% (Singhal and Kendall 2003). 
SOFC stack temperature control is another important control factor. Lowering the stack temperature 
means a more favourable electrochemical conversion of hydrogen in the stack; increasing the stack 
temperature means a lower electrolyte resistance. At the optimum stack temperature, these two effects 
are balanced. A higher stack temperature increases the stack degradation, and there will be an 
economic trade-off between a higher system efficiency and replacement cost of the SOFC stack in 
practical applications. Changing the amount of cooling air through the stack controls the stack 
temperature. At lower power levels, the required amount of cooling air decreases more than 
proportional to the power level. As for small SOFC systems, it is possible that heat losses at part-load 
may be higher than the internal heat production and additional heating might be necessary. 
For SOFC-GT hybrid systems, it is important to avoid surge in the compressor. Surge occurs when the 
air flow is low in relation to the pressure ratio over the compressor. This causes repeated jolts in the 
compressor which can be mechanically damaging.  
To avoid carbon formation in the SOFC stack, a minimum steam-to-carbon molar ratio of 2.5-3.0 is 
needed. This ratio is maintained by controlling the amount of recirculation of water-rich anode exhaust 
gas (Singhal and Kendall 2003). 
Important dynamic features of an SOFC or SOFC-GT system are control speed and control range. 
Control speed is mainly limited by the inertia of the rotating machinery (for hybrid systems), the fuel 
gas volume in the stack and the fuel ducts up to the fuel control valve, and the tuning of the power 
control loop. Load excursions can be handled by the fuel cell alone, depending on the duration. 
Control range is important in case of load following applications. The danger of surge in the 
compressor may limit the control range of an SOFC-GT system. Reducing the power to 60-70% of full 
load does not seem to cause any problems (Campanari 2000, Magistri et al. 2005). In order to extend 
the control range further down, additional air or exhaust bypass/bleed valves might be needed (Singhal 
and Kendall 2003). Moreover, variable geometry turbomachinery can move the operating line away 
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from surge as well as improving the off-design range of a SOFC-GT system. Hindebradt (2005) 
applied variable geometry turbomachinery to the SOFC-GT system in dynamics operations. It shows 
that variable stator vanes could contribute to an optimum point of equilibrium during part-load 
operation. 
Sieros and Papailiou (2007) examined the optimal fitting of a small GT in a hybrid SOFC-GT for both 
design-point and part-load operation conditions. It showed that the varying of variable geometry 
compressor (diffuser) and turbine (variable nozzle) settings can improve off-design SOFC-GT system 
efficiency and avoid compressor surge. They concluded that further work should be performed for the 
detailed design of these devices, which will be investigated in detail in Chapter 3. 
 
2.3 SOFC-GT System Standard Design and Operation Parameters 
In defining the SOFC-GT system, it is necessary to establish the design and operating parameters. 
Apart from numerial limits, it is important to relate these parameters to physical effects within the 
SOFC-GT, particularly when considering the overall control strategy for off-design. For this reason, 
several of these design and operation parameters mentioned in the previous section are discussed here 
in greater detail. The following descriptions on fuel cell operations are mainly referenced from Stiller 
(2006) and Thorud (2005). 
 
2.3.1 Uf – Fuel Utilisation Factor (~0.85) 
Fuel utilisation factor is defined as the fuel used at anode relative to the total of fuel supplied at the 
inlet. For example 0.85 means 85% of the methane is used by the fuel cell and 15% by the after-burnt 
(either directly or reformed products). 
 
Stiller (2006) suggests that fuel utilisation (Uf) is a degree of freedom for part-load operations. Fuel 
utilisation and current are coupled via the fuel flow rate, while current and voltage are coupled via the 
fuel cell characteristics. However, large variations in Uf are not recommended, as low Uf leads to low 
steam content in the anode recycle (and risk of coking) and high Turbine Entry Temperature (leading 
to blade tip problems). High Uf leads to steep internal temperature gradients in the fuel cell.  
For these reasons, it is commonly chosen to operate the SOFC at constant Uf of 0.85 in steady-state. 
The fuel utilisation (Uf) is determined from current and fuel flow, as these parameters can be measured 
in a real system. Setting Uf constant hence means maintaining a constant ratio of current to fuel flow.  
 
2.3.2 Ua – Air Utilisation Factor (~0.25) 
Air utilisation factor is defined as the amount of oxygen used in the cathode relative to the amount of 
oxygen available at the inlet. It represents the proportion of O2 which is used in reaction by the fuel 
cell.  
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Ua is controlled by: 
 Uf and fuel flow rate 
 Air flow rate, which is dependent on mass flow and pressure ratio, therefore on the turbine 
shaft speed, therefore power of the generator and Turbine Entry Temperature. 
 Low Ua (<0.2) leads to limited reaction, less steam, more coking. Low Ua can be caused by: 
 Fuel cell power too high. 
 Compressor running too slowly. 
 High Ua (>0.4) leads to oxidization of the fuel cell and redox cycling. Oxidation leads to 
stress cycling of the fuel cell block itself. To avoid this, an air bypass should be available. 
High Ua can be caused by: 
 The compressor running too fast. 
 The fuel cell power too low. 
 Start-up requires the use of an air bypass. 
 
2.3.3 Steam-to-Carbon Ratio 
The Siemens Westinghouse tubular SOFC has an ejector for mixing fresh fuel with the recycled fuel. 
The dimensions of the ejector and the state of the entering gases determine the mixing ratio of recycled 
and fresh fuel and therewith the steam-to-carbon ratio. As too low a steam-to-carbon ratio may result 
in carbon deposition, ejector performance is crucial for safe operation of an SOFC system.  
 
2.3.4 Operating Range 
Several factors can limit the operation of the SOFC-GT system. Limits on compressor and turbine 
operation are relatively well understood. This section considers operating range for steady-state only. 
Stiller (2006) suggests regions of safe steady-state operation, as illustrated in Figure 2.5 .  
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Figure 2.5: Hypothetical SOFC-GT Operating Range (Stiller 2006) 
Stiller (2006) assumes no external combustor, and as such his turbine operation is more heavily 
coupled with that of the SOFC. By the use of external combustion, the TET can be maintained to a 
desired level, and with the use of variable geometry the operating range of the GT can be extended. 
2.3.5 Malfunction Modes 
Thorud (2005) summaries all the potential cause of failure, types of malfunctions and control 
parameters of an SOFC-GT system in Figure 2.6. Thorud (2005) suggests the main modes of 
malfunction detailed in the following sections. 
 
Cell Cracking 
SOFC are made of brittle ceramic materials and is prone to cracking when exposed to high stresses. 
Cracks in any layer and direction can cause degradation of the electric cell performance by creating 
contact resistances and leakage current. At high temperatures, the thermal stress and probability of 
cracking increases. A further cause for thermal cracking and decomposition of the layers for tubular 
cells is the temperature gradient in radial direction (Nakajo et al. 2006). 
 
Compressor Surge 
If the pressure ratio of a compressor is too high for its current speed, it runs into surge. It is mostly due 
to very high turbine entry temperatures. This leads to violent oscillations in the gas path of the system 
the compressor is connected to, and can damage the system. To avoid compressor surge, a control 
strategy is required to allow suitable turbine entry temperature at any operating condition. Also, a 
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surge margin can be defined to monitor surge. It describes the distance from the compressor operating 
point to the regime where surge occurs (Kurzke 2004). 
 
Carbon Deposition 
For certain temperatures, pressures and gas compositions, carbon deposits can be formed at the anode, 
covering the catalyst and clogging the pores required for gas diffusion. Cell performance will degrade, 
even when the phenomenon is reversible. By maintaining a suitable steam to carbon ratio, carbon 
formation can be avoided. 
 
Anode Oxidation 
If the activated anode is at high temperature and exposed to oxygen, the nickel catalyst will be 
oxidised and then deactivated. Oxygen reaches the anode mainly by two ways: 
 The backflow of gas from the burner into the anode channel  
 The reversal of the electrochemical reaction.  
The first scenario occurs when the system is exposed to rapid pressure increase. The large volume and 
low flow rate in the anode channels cause the pressure to increase faster in the cathode channel than in 
the anode. Hence, oxygen-containing gas can flow from the burner back to the anode. 
The second scenario occurs if the cell operation voltage is higher than the local cell reversible 
potential. This can be a consequence of high operation voltage or low reactant/high product 
concentration. Electrolysis will occur where oxygen is produced at the anode. 
 
Overheating 
In the SOFC, high temperatures may cause irreversible changes in the electrode structure, e.g. 
recombination of the nickel catalyst. For metallic components (recuperator and turbine) with high 
thermal load, high temperatures lead to material failure and inevitably system breakdown. Sufficient 
cooling air flow must be supplied to avoid overheating of the components. 
 
Thermal Fatigue 
The mechanical stress in the SOFC is linked to the temperature distribution. Hence, changes in 
temperature mean changes in the stresses, which lead to fatigue in materials. Fatigue fractures degrade 
the cell performance. In order to minimise thermal fatigue, temperature changes must be minimised. 
This can be done with a control strategy which maintains a fairly constant temperature in the SOFC 
under all operating conditions. The mean MEA temperature is the main indicator for the SOFC 
temperature and will be useful for the assessment of control strategies related to thermal fatigue. 
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Figure 2.6: SOFC-GT Malfunctions (Thorud 2005) 
 
2.4 Trigeneration 
Trigeneration, also known as Combined Heating, Cooling and Power (CCHP), is a way of making the 
best use of the chemical energy of the fuel to generate electricity, with the heat from the exhaust being 
utilised by providing heating. At the same time, cooling can be produced from absorption cooler or 
desiccant wheel, therefore reduce the consumption of electricity in a conventional air conditioning unit. 
Hence, the overall efficiency can be increased to close to 90%. A detailed explanation of the principles 
of absorption and desiccant wheel can be found in Chapter 5. 
Tse et al. (2011), published by the author of this thesis, is the first known journal paper concerning the 
application of a Solid Oxide Fuel Cell-Gas Turbine-Trigeneration system for marine applications, with 
both absorption cooler and desiccant wheel as options for trigeneration, and methane as fuel. Ghirardo 
et al. (2011) investigates heat recovery options for an atmospheric, methanol-fuelled marine SOFC 
system, with electricity production by an Organic Rankine Cycle (ORC), steam/hot water production, 
air-conditioning obtained using an Absorption Chiller, and demineralised water recovery. Besides 
efficiency, costs and space requirements are taken into account for the feasible heat recovery systems. 
In addition, a number of papers have written about FC-GT-Trigeneration systems for a residential 
district trigeneration plant (Burer et al. 2003), for an office (Saito et al. 2007) and for a hospital 
(Bizzarri et al. 2006). Conventional trigeneration systems can be found in various stationary 
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applications such as; industrial processes (Colonna et al. 2003), individual households in remote areas 
(Lin et al. 2007), an office building (Liao et al. 2004), a hotel (Cardona et al. 2003), a hospital (Ziher 
et al. 2006) and at an airport (Cardona et al. 2006a, b). The heat source for absorption or desiccant 
heating/cooling is commonly from solar (Zhai et al. 2009) and exhaust heat streams from industrial 
processes or other power generation cycles (Zink et al. 2007).  
Moreover, some papers summarise the information at the existing journal papers on thermally 
activated cooling technology. Deng et al. (2011) reviews all thermally activated cooling technologies 
for combined cooling, heating and power systems, mainly absorption and adsorption refrigeration, and 
desiccant cooling. Advanced research of thermally activated cooling in innovative concept, material 
and technologies are included. Finally, detailed summary and suggestions are proposed for proper 
utilisation of thermally activated cooling technologies, and the future development roadmap and 
preferred strategies like system configurations, choice of components and careful use of heat are also 
outlined. The review demonstrates that thermally activated cooling technologies are attractive 
alternatives that not only serve the need for air-conditioning, refrigeration, dehumidification, but also 
can meet the demand for energy conservation and environmental protection. 
La et al. (2010) reviews the technical development of rotary desiccant dehumidification and air 
conditioning. Rotary desiccant air conditioning systems combine the technologies of desiccant 
dehumidification and evaporative cooling, and have the advantages of being free from 
chlorofluorocarbons (CFCs) that could damage the ozone layer, using low grade thermal energy, and 
controlling humidity and temperature separately. Ongoing research and development works suggest 
that new desiccant materials and novel system configurations have significant potential for improving 
the performance and reliability, and reducing the cost and size of rotary desiccant dehumidification 
and air conditioning system. The paper presents and analyses the status of rotary desiccant 
dehumidification and air conditioning in the following three aspects: 1. The development of advanced 
desiccant materials. 2. The optimisation of system configuration. 3. The utilisation of solar energy and 
other low grade heat sources, such as solar energy, district heating, waste heat and bioenergy. 
Marine transport, especially a cruise ship, requires heating and air conditioning for its passengers. 
Using a SOFC in the system has the advantage of utilising the waste heat from the fuel cell for heating 
and absorption cooling, and can maximise the utilisation of useful heat in the system, hence maximise 
energy efficiency.  
In conclusion, after reviewing the available research, it seems to be a good opportunity to contribute to 
the scientific knowledge by optimising a SOFC-GT-Trigeneration system for marine applications. 
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Chapter 3  
System Model 
3.1 Introduction 
The aim of this chapter is to describe the theory and modelling assumptions of the model for 
simulating different system configurations and optimising the Solid Oxide Fuel Cell-Gas 
Turbine (SOFC-GT) system. The results of the analysis are presented in Chapter 4. 
The Matlab model used is based on the SOFC-GT system model found in Pangalis (1999), 
Pangalis (2002), and Cunnel (2002), and further improved by Galinaud (2004). These models 
were non-commercial, were written and modified by previous MSc students. Major 
improvements to the model are made, providing a more accurate and comprehensive analysis, 
and this is clearly explained in section 3.4. Matlab was chosen as the program for simulating 
the system due to the ease of separating component modules into different subroutines, and this 
can make it easier to compare and contrast the performance of the SOFC-GT hybrid system in 
different system configurations. 
3.2 Background Theory 
Figure 3.1 shows a simple SOFC-GT system. It combines a basic gas turbine cycle (consisting 
of a compressor, a combustion chamber, a turbine and an electrical generator), with a high 
temperature SOFC. The SOFC acts as both a source of electric power generation as well as 
waste heat that can reduce the amount fuel required to burn at the combustor. This can save the 
amount of fuel required at the combustion chamber, for fluid to reach the required turbine entry 
temperature. The following is an explanation of all the theory behind the component modules 
in the Matlab models, in the form of thermodynamic models.  
In the model, each component (for example compressor, turbine, fuel cell) is considered as a 
standalone model, with inputs and outputs. The inputs include inlet stream properties (like 
pressure, temperature), compressor pressure ratio, chemical compositions, enthalpy, etc. The 
outputs include outlet stream properties, fuel to air ratio, etc.  
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Figure 3.1:  Schematic diagram of the simple integrated cycle without power turbine 
(Galinaud 2004) 
 
3.2.1 The Gas Turbine System Components 
Compressor 
The compressor is a device which increases the pressure of the fluid. It can be seen in the 
enthalpy-entropy diagram that the compression process is not isentropic due to irreversibilities. 
The simulation in this work uses the entropy function method in order to improve accuracy 
when calculating the fluid properties. The temperature at the outlet needs to be calculated first, 
by assuming the process as isentropic.  
The change in entropy s is then calculated, using the ideal gas equation: 
 
in
outo
in
o
outinout P
PRssss ln−−=−        (3.1) 
where sout is the outlet entropy, sin is the inlet entropy, soout is the standard outlet entropy, soin is 
the standard inlet entropy, R is the ideal gas constant, Pout is the outlet pressure, Pin is the inlet 
pressure.  
This expression requires an equation to evaluate so. This value is listed as the standard-state 
entropy in thermodynamic tables, such as the NASA table (Burcat 2001). The isentropic 
compression equation can be rewritten as:  
 
0ln =−−=−
in
outo
in
o
outinout P
PRssss        (3.2) 
With a known compressor pressure ratio, oouts can now be evaluated as: 
Compressor 
Turbine 
Fuel 
1 
2 3 4
5
C
Air Inlet 
Exhaust 
AC Power 
SOFC 
DC Power
Combustion 
Chamber
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 in
outo
in
o
out P
PRss ln+=          (3.3) 
The outlet isentropic temperature isoutT ,  is calculated from
o
outs . The next step is to calculate the 
real outlet temperature, with a given isentropic efficiency compη : 
 inout
inout,is
comp hh
 hh
−
−=η          (3.4) 
The outlet isentropic enthalpy out,ish is evaluated using thermodynamic tables, and the real outlet 
enthalpy is: 
 
)(1 inout,is
comp
inout hhhh −+= η         (3.5) 
From the enthalpy outh , the outlet temperature outT can be calculated. Hence, the specific power 
needed to run the compressor is simply: 
 inoutcomp hhw −=  (kJ/kg)         (3.6) 
Finally, given the mass flow of fluid m& through the compressor, the total power needed is: 
 compcomp wmW ⋅= &  (kW)         (3.7) 
Recuperator 
The recuperator (or heat-exchanger) is used to raise the temperature after the compression 
process and before the combustor. This component reduces the fuel needed to reach the 
required turbine entry temperature (TET). The outlet stream of the compressor is heated using 
the hot gas stream from the final turbine (for multi-spool cases) in the system. The two sides of 
the recuperator can now be distinguished: the cold side (or air side) is the stream which is to be 
heated, and the hot side (or gas side) is the stream used to provide the heat.  
Two input variables, inCT , and inHT , , two outputs, outCT , and outHT , , and an efficiency parameter, 
recupη are calculated. The recuperator effectiveness (or thermal ratio) is defined as: 
 inCinH
inCoutC
recup TT
TT
,,
,,
−
−=η          (3.8) 
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The outlet temperature at the cold side is evaluated by: 
 ( )inCinHrecupinCoutC TTTT ,,,, −+= η  (K)       (3.9) 
The temperature outHT , has to be evaluated as well. The approach adopted here is to define it as 
a temperature difference from inlet. 
  
From the recuperator model, it is clear that the temperature inHT , is not known initially and has 
to be guessed. Hence, the whole cycle calculation needs to be iterated. 
Combustion Chamber 
A combustion chamber raises the temperature of the stream at nominally constant pressure, by 
the addition of fuel. The temperature to reach is a parameter of the system, known as the 
Turbine Entry Temperature (TET) or Turbine Inlet Temperature. The model inputs are the 
composition and properties of the inlet stream and the outputs are the outlet stream composition 
and the needed fuel flow. 
The fuel used in this work is only methane (CH4), so it is possible to derive the exact quantity 
of fuel to reach a certain TET. As explained in the introduction, diesel reforming technology 
still under development and very costly. It requires a lot of energy to break down many carbon 
chains and produces a lot of carbon dioxide during reforming in order to produce hydrogen for 
use at the fuel cell. Therefore, diesel is not chosen as the fuel. The following procedure based 
on Veenema (2003) is used: 
Given an inlet stream at temperature inT , the combustion reaction can be written as 
→+ )()(CH ,4 inininf TStreamTx  
)(OH2)(CO)(O2)( 222 outoutoutoutin TxTxTxTStream ++−      (3.10) 
where outT is the TET, and x the unknown amount of methane to supply (in mol/s). The 
temperature infT , is the temperature of the fuel after compression up to the required pressure. 
The reaction (3.11) is characterized by Hproducts = Hreactants, as the compressor is assumed to be 
adiabatic. The enthalpy of each term in (3.11) gives 
 
outoutoutout
in
in
in
inf TTTT
Stream
T
Stream
T hxhxhxHHhx OHCOOCH 222
,
4
22 ⋅+⋅+⋅−=+⋅     (3.11) 
x  can be derived from (3.11) by 
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outoutoutinf
in
in
out
in
TTTT
T
Stream
T
Stream
hhhh
HH
x
222
,
4 COOHOCH
22 −−+
−=  (mol/s)      (3.12) 
As the combustor is not ideal, it is necessary to account for losses by introducing the efficiency 
combη .The amount of fuel to be fed is: 
 comb
xN η=4CH&  (mol/s)         (3.13) 
It is then straightforward to find the outlet stream composition, and the corresponding fuel-air 
ratio. 
 
The hybrid cycle aims at replacing a highly irreversible heat production device, the combustor, 
by a more efficient alternative, the fuel cell.  
 
The combustor is an important component which works well together with the fuel cell. For a 
system with the fuel cell acting as the combustor, the TET is constrained by the exhaust 
temperature of the fuel cell stack. Pressure losses have been taken into account in the model. 
For a system to be operated at part-load with a constant mass flow without an external 
combustor, when reducing the current drawn from the cell, the TET would drop, and the 
turbine may not be able to drive the compressor to produce the pressure level needed. This 
means that the turbomachinery rotational speed and capacity matching between the turbines 
and the compressor is difficult to reach, without a straightforward way to fix the cycle 
maximum temperature. Hence, the speed of a system without external combustor would be 
difficult to adjust. This would result in poor safety, load-following capability and control of 
equilibrium of the system. By having an external combustor, the TET can be increased to any 
value by burning extra fuel after the fuel cell. 
 
For all these reasons, an external combustor, before the gas-generator turbine inlet, is used in 
all the systems proposed in the next section.  
Turbine 
The turbine is a device that drives the compressor, by extracting the work from the high-
temperature flow leaving the combustion chamber. The turbine modelling method is similar to 
that of the compressor. The model inputs are the inlet stream composition and properties, and 
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the work to provide. The outputs are the outlet stream pressure and temperature. The 
performance parameters are the isentropic efficiency turbη , the mechanical efficiency of the 
spool mechη  and the relative mass flow through the turbine compturbrel mmm &&& /= . The mass flow 
has slightly increased at the turbine due to the fuel addition in the combustor. 
The specific work that the turbine has to provide is: 
 relmech
comp
turb m
w
w &⋅= η (kJ/kg)         (3.14) 
The specific outlet enthalpy is then calculated by: 
 turbinout whh −=          (3.15) 
This allows the calculation of the real outlet temperature outT . However, in order to obtain the 
pressure ratio of the turbine using the entropy, the isentropic outlet temperature is needed. The 
definition of the isentropic efficiency 
 inisout
inout
turb hh
hh
−
−=
,
η          (3.16) 
gives  
 
)(1, inout
turb
inisout hhhh −+= η         (3.17) 
The temperature isoutT , is then calculated. For the compressor, the relationship is defined: 
 
0ln =−−=−
in
outo
in
o
outinout P
PRssss        (3.18) 
The outlet pressure can thus be found by 
 
⎟⎠
⎞⎜⎝
⎛ −⋅= )(1exp oinooutinout ssRPP       
  (3.19) 
Free Power Turbine 
The free power turbine is different from a single turbine, as it is used to produce as much work 
as possible by expanding the gas from the inlet to the atmospheric pressure. The model inputs 
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are the inlet temperature and pressure, and the outlet pressure. The outputs are the outlet 
temperature and work produced. The parameter is the power turbine isentropic efficiency PTη . 
To start, the outlet standard entropy is determined by 
 in
outo
in
o
out P
PRss ln+=
         
(3.20) 
This enables the outlet isentropic temperature isoutT , to be calculated. In the next step, outlet 
enthalpy can be calculated as  
 )( , inisoutPTinout hhhh −+= η         (3.21) 
The actual outlet temperature outT  is derived from the enthalpy. Finally the specific work 
produced by the power turbine is  
outinPT hhw −=     (kJ/kg)               (3.22) 
3.2.2 Variable Gas Properties 
The thermodynamic cycle analysis of both the fuel cell and gas turbine components rely on the 
calculations of gas properties at different points. Each point has different temperature, pressure 
and composition values. A simple thermodynamic model normally uses fixed gas properties: A 
constant value for cp throughout the whole cycle is assumed. The enthalpy is then estimated as 
Δh = cp ΔT. In this model, the following methods are used to get more accurate results 
Absolute Enthalpy 
A more precise method is to use variable gas properties to evaluate enthalpy and entropy using 
polynomials. The general expressions for enthalpy and entropy are: 
∫ −+= TT Rpf hdTchh 0 oo          (3.23) 
∫ −−+= TT Rpf sPPRdTT
c
ss
0 0
ln
o
o         (3.24) 
The superscript ° in the equations above identify these values as standard-state values. 
This approach benefits from taking into account the enthalpy and entropy of formation of each 
constituent in the fluid mixture. 
The enthalpy of formation, ofh , is the enthalpy of a substance at a specified state due to its 
chemical composition (refer to Çengel and Boles 1994). As the composition is not constant 
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during the cycle, and as we need to calculate enthalpy balance for chemical reactions, it is vital 
to use a definition of enthalpy that includes the enthalpy of formation. 
In (3.23) and (3.24), the terms hR and sR are called the residual enthalpy and entropy. Those two 
terms are only used when the real gas behaviour is taken into account. As the ideal gas 
behaviour is assumed, these terms are zero. The enthalpy and entropy of a component on a unit 
mole or mass basis are thus expressed as 
∫+= TT pf dTchh 0 oo           (3.25) 
∫ −+= TT pf PPRdTT
c
ss
0 0
ln
o
o          (3.26) 
 
The first two terms of each equation 3.25 and 3.26 are referred to as the "absolute" enthalpy 
and entropy in thermodynamic tables and are given as polynomials in the form: 
1
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o
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2
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)ln(
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bTaTaTaTaTaTaTa
R
s ++++++−−= −
−o
 (kJ/kmol K) (3.28) 
 
The values of the coefficients are tabulated for each species (O2, CH4, etc.), and over two 
temperature ranges, which are identifical for both equations (3.27) and (3.28). In the case of 
ideal gases: 
 
ohh =            (3.29) 
oP
PRss ln−= o          (3.30) 
Gas Mixtures 
In order to determine the stream properties at any give point, the properties of each stream 
species is first determined, using (3.27) and (3.28). The enthalpy and entropy per unit mole can 
be determined by: 
im
k
i
im hyh ,
1
∑
=
=  (kJ/mol)        (3.31) 
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im
k
i
im sys ,
1
∑
=
= (kJ/mol K)        (3.32) 
where yi is the molar fraction of the component i in the stream. The total enthalpy and entropy 
per unit time can be expressed as (3.33) and (3.34) respectively. 
 
i
k
i
im hNH ∑
=
=
1
&  (kJ/s)         (3.33) 
i
k
i
im sNS ∑
=
=
1
& (kJ/s K)         (3.34) 
 
Where iN&  is the molar flow (mol/s) of the component i in the stream N& . The enthalpy and 
entropy per unit mass are easily computed from the total enthalpy and entropy by dividing the 
value by the mass flow m& corresponding to the stream N& . 
m
Hh mm &= (kJ/kg)          (3.35) 
m
Ss mm &= (kJ/kg K)          (3.36) 
 
The fuel used in this model is methane (CH4). Apart from its several benefits on the system 
operation, it also eases the calculations, as the seven species ever present in the cycle are: CO, 
CO2, H2O, H2, CH4, O2 and N2. The stream at any point in the cycle is represented by the vector: 
⎥⎥
⎥⎥
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⎥⎥
⎥⎥
⎥
⎦
⎤
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N
N
N
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&
&
&
&
&
&
& (mol/s)         (3.37) 
This vector representation is well adapted to the Matlab syntax. It should be noted at this point 
that this vector can represent the molar fraction as well. Each vector component iN&  represents 
the molar fraction over the total∑ ii N& . This way, the same vector can be used to calculate the 
molar, mass or total enthalpy and entropy. For example, the fuel cell model uses the total 
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properties, whereas the gas turbine components work with mass properties, but the same N& is 
used to pass parameters from one component to the others.  
For example, the vector [0;0;0;0;0;21;79] can be seen either as a stream carrying 21 mol/s of O2 
and 79 mol/s of N2, or as the molar composition of a mixture with 21% of O2 and 79% of N2 
(i.e. air). 
3.3 Fuel Cell Thermodynamic Model 
As explained in the Literature Survey section, a fuel cell is an electrochemical device that 
converts chemical energy of a fuel directly into electrical energy. It produces electricity when a 
fuel and an oxidant are continuously fed into the anode and cathode respectively. Compared 
with other fuel cells, SOFC operates at a high temperature, which allows internal reforming and 
promote rapid kinetics without the need to have precious catalysts. As an example, a 
commercial scale Siemens Westinghouse tubular SOFC has a cell diameter of 22mm, with an 
active total length of 1500mm, hence an active area of 834cm2. Figure 3.2 shows the actual 
diagram of the Siemens Westinghouse tubular SOFC system and the tubular cell. 
      
Figure 3.2: (a) Schematic diagram of the Siemens Westinghouse SOFC model (left); and 
(b) Detailed diagram of the SOFC tubular cell (right)  
Figure 3.3 illustrates the schematic of the model used to represent the SOFC system. It should 
be noted that it includes anode recirculation (from stations 6&7 and back to 3). 
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Figure 3.3: Schematic of SOFC Model (Pangelis 2002) 
The following sections detail aspects of this model, and the mass and energy balances between 
the various streams. 
3.3.1 Fuel Processing 
The SOFC utilizes methane (CH4) as fuel, but internally H2 is used. This means that the 
conversion of methane into hydrogen must be accomplished. This process is called reforming, 
and occurs within the fuel cell stack. This is a strongly endothermic process, and it uses the 
heat produced by the stack to run to completion. 
The reforming process is governed by two reversible reactions: the reforming reaction 
 CH4 + H2O ↔ CO+ 3 H2        (3.38) 
and the water-gas shifting reaction 
 CO + H2O ↔ CO2 + H2        (3.39) 
The equilibrium constant of each reaction can be calculated in terms of the partial pressures, 
and gaseous concentrations of each gas (gaseous phase is assumed): 
 
2
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OHCH
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CO
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][CO][H
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Kpshifting        (3.41) 
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These two constants can be calculated as functions of temperature only, using polynomial 
expressions as published in Twigg 1996. The equations are: 
 ( ) 3.277 27.1337Z-0.58101Z 0.3665Z 0.2513Z-  Kpln 234reforming +++=   (3.42) 
 ( ) 0.31688 4.1778Z 0.29353Z- 0.63508Z Kpln 23 shifting ++=     (3.43) 
with 1 - ) (1000/T  Z = , and T in K. Solving this system of equations provides with the 
equilibrium state. 
3.3.2 Fuel Supply and Recirculation 
When fuel enters the system at 1, it is pressurized by a pump. Stream 2 is then mixed with the 
recirculation stream 7 from the anode. The recirculation stream is a high-temperature mixture 
of CO, CO2, H2O and CH4. Its purpose is to raise the enthalpy of the inlet fuel, and to add 
steam to the stream in order to meet the required steam/carbon ratio (usually 2.5-4). Indeed, the 
reforming reaction is promoted by a high steam/carbon ratio. 
The equations governing the mixing of the streams at pre-reformer inlet are: 
Energy balance:  
 H2 +H7 =H3 (kW)          (3.44) 
Where H2, H3 and H7 are respectively enthalpy of the gas at streams 2, 3 and 7. 
Mass Balance 
 
⎪⎪
⎪⎪
⎭
⎪⎪
⎪⎪
⎬
⎫
⎪⎪
⎪⎪
⎩
⎪⎪
⎪⎪
⎨
⎧
=
⎪⎪
⎪⎪
⎭
⎪⎪
⎪⎪
⎬
⎫
⎪⎪
⎪⎪
⎩
⎪⎪
⎪⎪
⎨
⎧
+
⎪⎪
⎪⎪
⎭
⎪⎪
⎪⎪
⎬
⎫
⎪⎪
⎪⎪
⎩
⎪⎪
⎪⎪
⎨
⎧
3
3
3
3
3
3
3
7
7
7
7
7
7
7
2
2
2
2
2
2
2
g
f
e
d
c
b
a
g
f
e
d
c
b
a
g
f
e
d
c
b
a
 (mol/s)         (3.45) 
3.3.3 Pre-Reforming 
The mixed stream 3 enters the pre-reformer, where a part of the methane is reformed, and a part 
of the CO thus produced is shifted with water to produce more hydrogen and carbon dioxide. 
These reactions are endothermic, and the heat required to reach equilibrium is provided by the 
drop in enthalpy of the stream. However, the total enthalpy is constant, as the process is 
 75
adiabatic. The unknown variable of the process are the pre-reforming amount r and the 
equilibrium temperature at stream 4 T4. 
The equations governing the pre-reforming process are: 
Energy balance: H3 = H4 (kW)         (3.46) 
Chemical equilibrium: 
 CH4     +    H2O           ↔      CO          +         3 H2     (3.47) 
 e3 (1−r)    c3 −re3 −x        a3 +re3 −x           d3 +3re3 +x 
 CO             +         H2O      ↔     CO2        +       H2     (3.48) 
 a3 +re3 −x         c3 −re3 −x          b3 +x        d3 +3re3 +x 
where r is level of pre-reforming, i.e. the fraction of CH4 converted into H2. The pre-reforming 
amount r was initially assumed to be between 1% and 60%. The iterations are carried out until 
equilibrium and heat balance are achieved, as shown in Figure 3.6. x is the production rate of 
CO2 in the water-gas shifting rection at equilibrium. For example, in the mass balance equation 
(3.49), where e3 mol/s of methane enters the pre-reformer, (1 - r) e3 mol/s of methane leaves the 
refomer and this is equal to e4. 
Mass Balance: 
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3.3.4 Internal Reforming 
The pre-reformed fuel stream 4 enters the internal reforming region of the cell, where it is fully 
reformed to produce H2, CO, CO2 and H2O, leaving at fuel stream 5. The required heat is 
supplied by the exothermic reactions occurring at the anode. The equilibrium is reached at the 
temperature T5. The unknown variables are ω and y. 
The equations governing the internal reforming region are: 
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Energy balance:  
 H5 −H4 =Q1 (kW)          (3.50) 
Chemical equilibrium: 
 CH4     +    H2O      ↔       CO         +       3 H2     (3.51) 
 e4−ω      c4−ω−y          a4−y+ω         d4+3ω+y 
 CO        +      H2O     ↔     CO2     +      H2      (3.52) 
 a4−y+ω       c4−y−ω          b4+y        d4+3ω+y 
where ω is the consumption rate of CH4 during internal reforming reaction at equilibrium; y is 
the production rate of CO2 in water-gas shifting rection at equilibrium. For example, in the 
mass balance equation (3.53), where e4 mol/s of methane enters the reformer, (e4 - ω) mol/s of 
methane leaves the refomer and this is equal to e5. 
 
Mass balance: 
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3.3.5 Fuel Cell Stack 
The oxidation of hydrogen occurs in the cell active area. This reaction is in equilibrium with 
the CO shifting reaction. The two reactions reach equilibrium at the fuel cell exit temperature. 
The heat generated is used for the reforming process and for air heating. 
The equations governing the cell stack are: 
Energy balance: 
 (H5+H12)−(H6 +H13)−Welectric =Q1 +Q2 (kW)      (3.54) 
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Chemical equilibrium: 
 CO      +       H2O           ↔       CO2      +         H2     (3.55) 
 a5−Φ          c5−Φ−z                 b5+ Φ          d5+Φ−z 
 H2            +             ½ O2           ↔       H2O      (3.56) 
 d5+Φ−z           f12−½ (d5+Φ−z)              c5−Φ−z  
where z is the consumption rate of H2 at the anode due to chemical and electrochemical 
reactions; Φ is the consumption rate of CO due to water-gas shifting reaction in the fuel cell.  
 
Mass balance: 
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3.3.6 Combustion Zone 
The gas stream 6 is separated into 7 and 9 in order to meet the required steam/carbon ratio. This 
stream is mixed in the combustion plenum with the stream 13 from cathode, and the unburnt 
gases react with the oxygen. Some of the heat produced is used to pre-heat the air entering the 
fuel cell, and the remaining heat released through the exhaust gases. 
The equations governing the combustion zone are: 
Energy balance:  
 H15 =H13 +H9 +H10 −H11 (kW)        (3.58) 
Combustion equations: 
 CH4  +      O2  →    CO2 + 2 H2O       (3.59) 
 H2    +  ½ O2   →   H2O        (3.60) 
 CO +    ½ O2   →   CO2        (3.61) 
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Mass balance: 
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In equation (3.62), it is assumed that all the reactants are converted into products in the 
combustion zone due to the presence of excess oxygen. Hence, there is no CO, H2 and CH4 left 
at the exhaust stream 15, and a15, d15 and e15 are all 0. The rightmost bracket shows the 
reactions in the combustion zone between streams 14 and 15.  
 
3.3.7 Fuel Cell Performance 
The cell voltage under actual operation is affected by the irreversibilities occurring in the 
process as shown in Figure 3.4. The difference between the cell operating voltage and the ideal 
reversible voltage is called polarization. The three main sources of polarization are the 
activation or charge transfer polarization, actη , the ohmic polarization, ohmη , and the 
concentration or diffusion polarization, concη . The activation polarization occurs when the rate 
of an electrochemical reaction at an electrode surface is controlled by sluggish electrode 
kinetics. It is directly related to the rates of electrochemical reactions. The equation for 
activation polarization is given by: 
 o
act i
i
nF
RT lnαη =          (3.63) 
where α is the electron transfer coefficient. This exhibits a dependence on the current density i . 
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Figure 3.4: Voltage Operating Range and Overview of Voltage Losses (Stiller 2006) 
The ohmic losses occur because of the resistance to the flow of ions in the electrolyte, and the 
flow of electrons through the electrodes. The losses through the electrolyte can be reduced by 
decreasing the distance between electrodes and by enhancing the ionic conductivity of the 
electrolyte. The ohmic losses can be expressed by the equation 
 iRohm =η           (3.64) 
where R is the total cell resistance. 
As a reactant is consumed at the electrode by an electrochemical reaction, a concentration 
gradient is formed. This leads to a voltage loss due to the inability of the surrounding material 
to maintain the initial concentration of the fluid. This loss is known as the concentration 
polarization, and is given by  
 
)1ln(
L
conc i
i
nF
RT −=η          (3.65) 
More information about the fuel cell potential evaluation can be found in EG&G (2002) and 
Larminie and Dicks (2003). 
As the power supplied by the fuel cell stack is given by 
 IVP ×=               (3.66) 
it is important to be able to assess the voltage losses of the fuel cell under a wide range of 
operating conditions. This can be done using the overpotential equations (3.63-3.65); however, 
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this theoretical approach rarely reflects the reality. The approach used for this model is to 
interpolate from the published Westinghouse performance data within the pressure range of 1 
bar and 30bar. The voltage across the system is represented as a function of pressure and 
current density by the following equation: 
  )( b)ln( · a  VPV +=          (3.67) 
where a and b are coefficients varying with the current density. The values corresponding to the 
current density range 100−600 mA/cm2 are given in Table 3.1.  
Table 3.1: Coefficients for voltage in the V-I curve that varies with pressure 
Current density 
(mA/cm2) 
a b 
100 0.0276 0.769 
200 0.0282 0.721 
300 0.0279 0.6674 
400 0.027 0.6126 
500 0.027 0.5501 
  
The performance curves obtained are shown in Figure 3.5. These curves plotted with equation 
3.67 fit the data from Siemens-Westinghouse well. The figure shows that V-i curve is 
transposed upwards under pressurised operation. 
 
Figure 3.5: Siemens Westinghouse SOFC performance under varying pressure conditions  
(Pangelis 2002) 
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The current density of the fuel cell has the biggest impact on performance; we can observe a 
drop in voltage of nearly 40% from a current density of 100mA/cm2 to 600 mA/cm2. Diffusion 
losses are currently not taken into account in this model. A description of a possible model for 
diffusion losses is provided by Qi et al. (2005, 2006). 
Note that the Matlab model is zero dimensional, the power of the fuel cell and gas turbine are 
in specific power, and the size of the fuel cell is only varied by changing a number in the 
variable “number of fuel cells” to achieve a targeted overall power. This provides flexibility as 
the model is independent of the geometry or the design of the fuel cell, although the fuel cell 
system model is based on the Siemens tubular SOFC system with pre-reforming and internal 
reforming. 
3.3.8 Simulation Algorithm 
Now that the different parts of the fuel cell model and their equations have been detailed, the 
computational algorithm may be detailed. The key inputs of the fuel cell model are: 
• The inlet pressure P (atm) and temperature T (K), 
• The current density i (mA/cm2), 
• The fuel and air utilisation factors Uf and Ua. 
Other quantities, which could be referred to as secondary inputs, are fixed inside the model 
program, but can be modified, such as the cell stack temperature, the number of cells of the 
system, and the inlet and outlet temperatures of the cathode and anode.  
 
The simulation begins with the calculation of the voltage of the fuel cell, accounting for the 
current i and the pressure P, and of the amount of hydrogen H2 which is to be consumed in 
order to produce i. The estimation of CH4 supply requirement is based on 100% reforming. An 
iterative procedure is used to find the correct level of pre-reforming reaction r. Figure 3.6 
shows the flowchart of the procedure. Once the correct amount of pre-reforming has been 
found, the model calculates the composition and energy balance at each point of the cell using 
the equations shown in the previous sections. 
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 Figure 3.6: Flow chart of the fuel cell system model (Galinaud 2004)  
 
3.4 Improvements to the Existing Model 
 The current model used, was based on a basic existing model, the changes and improvements 
made in the current thesis are as follows:  
1. The power turbine has been removed for the simple cycle and recuperated cycle to see 
the effects of removing this component on design point system performance. The cases 
with power turbine for the simple and recuperated cycles are also available. In the end, 
the case with power turbine is chosen. The advantage is that the speed of the power 
turbine can be regulated with the choice of its size and eliminate the need to have a 
gearbox to reduce and reach the required speed. Also, the off-design power can be 
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achieved by reducing the rotational speed of the shaft slowly without causing much 
instability, relative to the single spool case.  
2. The number of fuel cells has been chosen to give an overall SOFC-GT system power of 
250kW, i.e. 1166 cells. In the original model of Galinaud (2004), there were 11540 cells. 
250kW is chosen because this is the base load power requirement for the marine 
application explained in Chapter 5. 
3. The compressors and turbines used in the new simulations are designed by the National 
Technical University of Athens. The efficiency of the new compressor has a higher 
efficiency of 0.83, in comparison with 0.81 of the initial compressor choice NASA 
HPC01 used in the original Matlab model in the previous MSc student project. The 
turbine efficiency remains at 0.89. The effects of changing the compressor and turbine 
on the overall system efficiency are found: Choices of compressors are HPC01, HPC02, 
and NTUAC33. Choices of power turbines are LPT01 and NTUAT3. Note that the 
efficiency of the (gas generator) turbine directly connected to the compressor by a spool 
is 0.84 and remains unchanged regardless of changes to the power turbine. 
4. More detailed sensitivity analysis on the effects of having small changes in the design 
point operating conditions, component efficiencies, pressure losses on the system 
efficiency, power design and power split between fuel cell and turbine. This applies to 
simple cycle with and without power turbine, recuperated cycle with and without power 
turbine. For simplicity, only results of cases with power turbine are in the main text. 
5. Ambient condition changes have been included so as be able to analyse a cruise ship 
operating condition from the Tropics to the Arctic regions. 
6. The effects of varying both the air utilisation (Ua) and fuel utilisation(Uf) factors within 
the safety range on the system performance as explained in Throud (2005). 
7. For off-design analysis, the use of variable geometry compressor and turbine maps from 
FELICITAS project partner National Technical University of Athens (published in 
Sieros and Papailiou 2007) enables new and novel analysis of the effects of changing 
three variables (compressor inlet guide vane, compressor diffuser angles, turbine nozzle 
guide vane angle) on the overall system efficiency and also the position of the operating 
line relative to the surge lines. The variations of turbine isentropic efficiency are more 
significant with turbine settings changed and this contributes to changes in overall 
efficiency and could lead to improvements. The compressor setting can lead to wider 
operating range.   
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3.5 System Configurations in Considerations 
3.5.1 Introduction 
There are many different integration schemes involving gas turbines and fuel cells, some are 
more efficient and practical than others. Instead of trying to study all the possible 
configurations, this work concentrates on two of the most attractive hybrid cycles. The first one 
is a simple integrated cycle which contains a compressor, combustion chamber, a fuel cell and 
a turbine. See Figure 3.1 for the system schematic diagram. The second case is the recuperated 
cycle which consists of a compressor, combustion chamber, a fuel cell, a turbine and a 
recuperator to recover waste heat from the exhaust and warm up incoming air before entering 
into the fuel cell. A pilot power plant effectively using this system is operated by Siemens 
Westinghouse (Ciesar 2001). Available data about this cycle enables the validation of the 
present work. The use of real SOFC V-i curve as the basis of the fuel cell system model is a 
first step to ensure accuracy.  
Single Shaft or Twin Shaft Engine 
Particular attention should be paid to the gas turbine engine configuration – single shaft or twin 
shaft (with free power turbine). The effect of removing the power turbine or having single shaft 
engine on design point system performance is a small improvement in the system efficiency 
and specific power density from electric generator connected to the turbine directly. This is 
because there is one less turbine to operate, resulting in less loss in turbine isentropic efficiency. 
Also, the connecting ducts are simpler. Moreover, the number of fuel cells required can be 
reduced. For a 250kW hybrid system shown in the later sections, the number of fuel cells can 
be reduced from 1166 to 1155. When the speed of the driven load is constant, as it is the case 
for an electric generator, a single shaft unit is often preferred. However, the disadvantage is 
having only one shaft speed for both the turbine and generator. This can lead to a less than ideal 
situation of a complex generator running at high speed, and less flexibility to control the system 
at part-load. 
The twin-shaft configuration has the advantage to design a power turbine of significantly larger 
diameter than the gas generator (using an elongated duct between the gas generator turbine and 
the power turbine), in order to operate at the required generator speed without the need of a 
bulky and inefficient reduction gearbox. 
In the case of the single-shaft engine, the reduction in output power tends to move the 
compressor operating point towards lower pressure ratio and efficiency, following a constant 
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speed line. This results in an increasing mass flow, which means that the power to drive the 
compressor remains more or less constant.  
In a free power turbine engine, the compressor speed can be reduced together with the mass 
flow and pressure ratio, to meet the power requirement. This means that the part-load efficiency 
of the free power turbine is better, compared with the single shaft case. The flexibility and ease 
of reducing the mass flow rate is important for the part-load operation of the fuel cell. This 
reason made the twin-shaft engine a better candidate for the hybrid cycles.  
3.5.2 Simple Cycle 
System with Power Turbine 
 
 
 
 
 
 
 
 
 
Figure 3.7: Schematic diagram of the simple integrated cycle with power turbine 
(Galinaud 2004) 
The simple hybrid cycle with power turbine diagram and station numbers are shown in Fig. 3.7. 
In this system, the air enters at Stream 1, when the temperature and pressure are increased by 
the compressor and exits to become Stream 2. When entering into the SOFC, the air 
temperature is increased, and the chemical composition is changed. A fraction of the oxygen 
from the air has been consumed, and the electrochemical and internal reforming reactions 
within the fuel cell system produce CO2 and H2O to Stream 3. The temperature is further 
increased at the combustor, when the gas Stream 4 reaches the required TET. The gas is 
expanded at the gas generator turbine, to provide work to drive the compressor. Stream 5 still 
has large amounts of potential energy, and is further expanded into the atmosphere at Station 6 
via the power turbine, producing AC Power via an electric generator.    
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System without Power Turbine 
This cycle similar to the previous one except that the power turbine is removed and the electric 
generator is directly connected to the turbine. So, the net power produced by the gas turbine is 
the total turbine power minus the amount of power needed to drive the compressor. See Figure 
3.1 for the schematic diagram. 
3.5.3 Recuperated Cycle 
System with Power Turbine 
 
 
 
 
 
 
 
 
 
 
Figure 3.8: Recuperated integrated cycle schematic diagram with station numbers 
(Galinaud 2004) 
The recuperated hybrid cycle diagram and station numbers are shown in Fig. 3.8. This cycle is 
similar to a simple gas turbine cycle, but Stream 2 after the compressor is heated in the 
recuperator, using the high temperature of Stream 7. This provides the fuel cell with a high 
temperature gas inflow, which is to be further heated within the fuel cell stack, reducing the 
fuel requirement of the external combustor, and hence increasing efficiency.  
Heat recuperation is the most effective at low pressure ratios, when the temperature of Stream 2 
is low, and temperature of Stream 7 is high (because of the small power requirement of the 
compressor). At high pressure ratios, the temperature of Stream 3 is likely to be higher than that 
of Stream 7. In that situation, the recuperator is virtually non-existing and this cycle operates 
exactly like a simple cycle (without recuperation). An additional bleed stream between two 
turbines linking to the recuperator is possible although not considered in this model. 
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System without Power Turbine 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9: Schematic diagram of the recuperated integrated cycle without power turbine 
(Galinaud 2004) 
The same as before, this system has no power turbine and the electric generator is directly 
connected to the turbine. The power produced by the generator depends on the amount of 
electric power drawn from the load. At steady state design point condition, the net power of the 
turbine is the total turbine power minus the power needed to drive the compressor. 
3.5.4 Modelling Methodology 
The compressor and power turbine  used in this simulation are those provided by the National 
Technical University of Athens (NTUA). The flowchart of the program for the recuperated 
cycle with power turbine is shown in Figure 3.10. The calculation of performance includes the 
evaluation of the total specific power and of the efficiency of the system.  
 
Operations are cascaded, where each component’s inputs are the previous component’s outputs. 
The recuperator brings extra difficulty: the temperature of Stream 7 is not initially known. The 
temperature at Stream 2 is therefore estimated such that a full cycle calculation can be 
completed. The process completes by the evaluation of Stream 2, replacing the guessed value 
by the calculated one. This process is repeated until convergence. 
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Figure 3.10: Flowchart of the recuperated hybrid cycle (Galinaud 2004) 
The total specific power is the sum of the specific powers from the fuel cell and from the power 
turbine, multiplied by the relative mass flows through each of them and the generator efficiency 
for the power turbine (the efficiency of the fuel cell inverter being integrated in the fuel cell 
model): 
36
relsofcrelptgeneratortotal mwmww && +=η  kW/(kg/s)      (3.68) 
where the superscripts 3 and 6 correspond to streams 3 and 6 respectively.  
The fuel/air ratio is drawn from the relative mass flow at output; indeed, the components 
adding fuel to the stream (fuel cell and combustor) change the mass flow of the stream, and the 
fuel/air ratio is given by: 
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which can be simplified to:  
 
1−= outrelmFAR &          (3.70) 
 
The thermal efficiency of the system can then be calculated as:  
 
100×+⋅= pumps
total
cycle wLHVFAR
wη                             (3.71) 
 
where wpumps is the specific power required to pump the fuel within the fuel cell stack and the 
combustor, and LHV is the lower heating value of the fuel (CH4), which is 50010 kJ/kg. 
3.6 Design Point Analysis 
The first objective in the development of the SOFC-GT sub-system component is the 
development of a steady-state model. By modelling the system at equilibrium and various 
assumptions about the availability of heat, detailed modelling of the physical characteristics of 
the system can be simplified1. 
 
3.6.1 Modelling Issues  
Fuel cells and gas turbines are very different power generation devices. Their coupling needs to 
be carefully thought through as a result. In this work, it is decided that the whole system is 
sized after the fuel cell, that is, the gas turbine engine is to provide the exact mass flow to 
supply to the fuel cell (accounting for the air utilisation factor Ua).  
 
If the capital cost is of higher level of importance, it is suggested to oversize the gas turbine 
engine (and change the power balance to the advantage of the power turbine), and use only part 
of the flow for the fuel cell stack. These designs lead inevitably to lower efficiencies. 
 
                                                 
1 For example, to assume that the stack is at equilibrium temperature (and that losses are negligible) leads to 
assume that the net heat transfer to/from the stack is zero, which in turn simplifies the energy balance equations. 
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For the energy balance of the fuel cell, the heat produced by the stack is used for internal 
reforming as the priority, and the air is preheated by the combustion process, to reflect real 
systems operation.  
 
It should be mentioned that blade cooling is not considered in this work.  The systems 
considered here are aimed at high efficiencies, and a high TET reduces the overall efficiency of 
the hybrid system (as the power turbine is less efficient than the fuel cell). Finally, the pressure 
ratio indicated for each cycle is the pressure ratio of the compressor, without taking into 
account of the pressure losses of other components. 
 
3.6.2 Modelling Assumptions 
Table 3.2 shows the assumptions made in the SOFC-GT model for design point or full-load 
simulation. The values are chosen to be conservative rather than for state-of-the-art technology, 
based on Cohen et al. (1996) and Costamagna (2001).  
Table 3.2: Data used for full-load/design point simulation 
       Gas Turbine cycle 
Compressor efficiency (ηcomp) 0.83 (0.81 original) 
Turbine efficiency (ηGT) 0.84 
Power turbine efficiency (ηPT) 0.89 
Recuperator effectiveness (ηrecup) 0.80 
Intercooler effectiveness (ηinter) 0.88 
Combustor efficiency (ηcomb) 0.98 
Spool mechanical efficiency (ηmech) 0.98 
AC generator efficiency (ηgene) 0.95 
 
       Fuel Cell 
Air utilisation factor (Ua) 0.25 
Fuel utilisation factor (Uf) 0.85 
Steam-to-carbon ratio (STCR) 2.5 
Stack Temperature (Tstack) 1273.15K 
DC-AC inverter efficiency (ηinvert) 0.89 
Cell Area 834 cm2 
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       Pressure losses 
Recuperator gas/air sides 4% 
Fuel cell stack 4% 
Combustor 5% 
Intercooler 2% 
Inlet 0% 
Outlet 0% 
 
       Ambient Conditions 
Temperature 288 K 
Pressure 1 atm 
 
 
       Others 
Fuel pump isentropic efficiency 0.80 
Fuel composition 100% CH4 
Fuel lower heating value 50010 kJ/kg 
 
       Simulation Range 
Pressure ratio (PR) 2–20 
Turbine Entry Temperature (TET (K)) 1000–1450 
Current density (i (mA/cm2)) 150–600 
 
  
 92
Chapter 4  
System Model – Results and Discussion 
4.1 Introduction 
The aim of this chapter is to present the results for the recuperated Solid Oxide Fuel Cell-Gas 
Turbine (SOFC-GT) system. A number of scenarios have been run in order to decide system 
configuration for optimum design point and off-design system performance. Also, a parametric 
study on the effects of small changes in operating conditions, choice of system components, 
ambient condition changes, operating the system within safety range, and variable geometry 
turbomachinery settings on the system performance are analysed.  
4.2 Simple Hybrid Cycle Design Point Analysis 
4.2.1 System with Power Turbine 
Parametric Analysis 
The first plots to examine are the 3D surfaces giving the system efficiency and specific power 
against the pressure ratio and the TET, or the pressure ratio and the fuel cell current density. 
Figure 4.1 shows the efficiency and specific power versus the pressure ratio and current density 
at a TET of 1350 K. The trend is clear: a higher pressure ratio gives both a better efficiency and 
more specific power. The highest efficiency, around 55%, is reached at the pressure ratio of 20 
and current density of 150 mA/cm2. This point corresponds to both the higher voltage of the 
fuel cell and the best operating point of the gas turbine. The same point corresponds to the 
higher specific power, due to the high voltage of the fuel cell. At low pressure ratios, the fuel 
cell heat addition to the flow is poor (most of the heat generated by the stack is used to raise the 
inlet flow temperature up to the required stack temperature Tstack). Hence, the combustor needs 
to burn more fuel in order to reach the TET. This leads to a poor overall efficiency. 
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Figure 4.1: Variations of (a) Thermal Efficiency (left) and (b) Total Specific Power (right) 
with Current Density and Pressure Ratio at TET=1350K, for simple cycle with power 
turbine 
Figure 4.2 shows plots of the efficiency and specific power against the pressure ratio and the 
TET, with a fixed current density of 200mA/cm2. The maximum efficiency corresponds to a 
minimum TET, as power is generated more efficiently by the fuel cell than by the power 
turbine. An increasing TET means that an increasing part of the total power is supplied by the 
power turbine and this leads to a drop in efficiency. For a fixed current density, the total 
specific power increases more significantly at both higher TET and PR, as more power can be 
extracted from the power turbine. 
 
Figure 4.2: Variations of (a) Thermal Efficiency (left) and (b) Total Specific Power (right) 
with Current Density and Pressure Ratio at Current Density = 200mA/cm2, for simple 
cycle with power turbine 
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Variations of Power Split between FC and GT with PR for TET=1350K and currentfc=200mA/cm2
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Variations of Specific Power with TET (PR=20; CD=200mA/cm2)
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Figure 4.3: Variation of power contributions of fuel cell and turbine with (a) PR at 
TET=1350, Current Density=200 (left); and (b) TET at PR=20, Current Density=200 
(right), for simple cycle with power turbine  
Figure 4.2(a) shows that at a high pressure ratio of 20, the thermal efficiency is at a maximum 
of 60% when operating at a lower TET range value of 1000K, and is at a lower 55% when 
operating at the highest TET value of 1450K. An increasing TET means a larger portion of the 
total power is generated by the less efficient power turbine, as demonstrated in the bar chart in 
Figure 4.3(b).  
Variations of station Temperature with PR (TET=1350K and CD=200mA/cm2)
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Figure 4.4: Variations of component temperatures with Pressure Ratio, for simple cycle 
with power turbine 
Figure 4.4 shows the variations of different component temperatures in different pressure ratios. 
It is hard to choose a good design point for the simple cycle. The efficiency increases along 
with pressure ratio, it should therefore be kept high. The TET has a negative influence on the 
efficiency, but has a great influence on power. To optimise performance, the design point is 
chosen to have high total specific power and good efficiency. In theory, it is possible to choose 
with lower current density. However, this means high voltage. As a result, the design point 
criteria given in Table 4.1 are chosen.  
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Design Point Choice and Results 
Table 4.1: Design Point Proposition for the Simple Hybrid Cycle      
Pressure Ratio 20 
Turbine Entry Temperature (K) 1350 
Current density (mA/cm2) 200 
 
Table 4.2: Design point performance of the simple hybrid cycle with power turbine 
Thermal Efficiency (%) 55.012 
Total Specific Power (kJ/kg) 766.17 
Total Fuel/Air Ratio 0.0275 
Fuel Cell Voltage (V) 0.806 
Specific Power from fuel cell (kJ/kg); power split 503.53 (65.7%) 
Specific Power from power turbine (kJ/kg); power split 262.64 (34.3%) 
Specific Power to drive the compressor (kJ/kg) 470.67 
Specific Power to drive fuel pumps (kJ/kg) 19.90 
System exhaust temperature (K) 755.6 
 
A high TET will increase the exhaust temperature, allowing the cycle to be combined with a 
steam or heat generation bottoming cycle. To counter the negative effect of the TET over the 
efficiency, the fuel cell current density is chosen to be lower than the usual 300 mA/cm2. After 
considering the parametric analysis, the proposed design-point for this system is shown in 
Table 4.1. They were chosen to ensure optimum values in both system thermal efficiency and 
total specific power. The results obtained for this design point are given in Table 4.2. 
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Sensitivity Analysis of Small Effects 
Table 4.3 shows the effects on efficiency and specific power of slight variations from the 
design point values. The changes made are such that a +1 change in value (third table column 
from the left) of the compressor efficiency of 83% means an efficiency of 84%. For the 
resulting efficiency, the change is given in percentage point of the design point value. For Total 
Specific Power and Power Turbine Specific Power, the changes are both in percentage of the 
design point values. As an example, when current density is reduced from 200 to 175mA/cm2, 
the percentage point change is +0.203 for thermal efficiency, i.e. the efficiency will be 
55.012%+0.203% = 55.205%. For Total Specific Power, the percentage change is +1.809%; 
hence 766.17×1.01809=780.03kJ/kg. 
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Table 4.3: Design point sensitivity analysis for the simple hybrid cycle with power turbine 
   Resulting changes from datum value 
Parameter Datum 
value 
Change 
in 
value 
Thermal 
efficiency 
(% points) 
Total 
Specific 
Power (%) 
Power 
Turbine 
Specific 
Power (%) 
20 +0.5 0.142 -0.154 -0.613 Pressure ratio 
20 -0.5 -0.156 0.149 0.602 
1350 +25 -0.314 2.078 6.065 Turbine Entry 
Temperature (K) 1350 -25 0.321 -2.075 -6.054 
200 +25 -0.213 -1.128 -0.129 Fuel cell current density 
(mA/cm2) 200 -25 0.203 1.089 0.126 
83 +1 0.189 0.791 2.307 Compressor Isentropic 
efficiency (%) 83 -1 -0.196 -0.812 -2.368 
89 +1 0.325 0.591 1.725 Turbine Isentropic 
efficiency (%) 89 -1 -0.337 -0.613 -1.790 
98 +1 0.212 0.385 1.123 Combustor efficiency (%) 
98 -1 -0.212 -0.385 -1.123 
98 +1 0.223 -0.026 -0.072 Spool mechanical 
efficiency (%) 98 -1 -0.226 0.026 0.076 
95 +1 0.357 0.649 1.892 AC Generator efficiency 
(%) 95 -1 -0.365 -0.663 -1.934 
89 +1 0.198 0.360 1.055 Fuel Cell DC/AC inverter 
efficiency (%) 89 -1 -0.199 -0.362 -1.051 
5 +1 -0.256 -0.257 -0.750 Combustor pressure loss 
(%) 5 -1 0.254 0.253 0.739 
4 +1 -0.254 -0.255 -0.742 Fuel cell stack pressure 
loss (%) 4 -1 0.251 0.251 0.731 
0 +1 -0.262 -0.266 -0.712 Inlet pressure loss (%) 
0 +2 -0.511 -0.538 -1.435 
0 +1 -0.244 -0.244 -0.712 Outlet pressure loss (%) 
0 +2 -0.491 -0.492 -1.432 
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It can be seen from this table that an increase in the fuel cell current density has a negative 
impact on both efficiency and total specific power. However, this can be considered if the cost 
of the system needs to be reduced. The cost of the fuel used relative to the capital cost also 
needs to be considered. A reduction in TET leads to a small increase in efficiency, at the price 
of a reduction of the total specific power, but this should allow the use of cheaper materials for 
the turbine. The turbomachinery efficiency (compressor, turbine, mechanical efficiency, etc.) 
has a strong influence over the performance. About 33% of the total power comes from the 
power turbine, hence any improvement within the turbomachinery will benefit the gas turbine 
part of the system. 
4.2.2 System Without Power Turbine 
Design Point Choice and Results 
Table 4.4: Design point performance of the simple hybrid cycle without power turbine 
Thermal Efficiency (%) 55.517 
Total Specific Power (kJ/kg) 773.21 
Total Fuel/Air Ratio 0.0275 
Fuel Cell Voltage (V) 0.806 
Specific Power from fuel cell (kJ/kg) 503.53 
Net Specific Power from gas turbine (kJ/kg) 269.68  
Percentage of Electric Power from fuel cell 65.1% 
Percentage of Electric Power from gas turbine 34.9% 
Specific Power to drive the compressor (kJ/kg) 470.67 
Specific Power to drive fuel pumps (kJ/kg) 19.90 
System exhaust temperature (K) 749.4 
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As shown in Table 4.4, when the power turbine is removed, the thermal efficiency increases.  
This is because with one fewer component (power turbine), there is less losses when gases do 
not need to be transferred to power turbine. It can also be seen that the Net Specific Power from 
the gas turbine is increased, with fuel cell specific power staying constant. Hence, the 
contribution of power from gas turbine increases. The total specific power increases as well. 
Note that the net specific power from the gas turbine is the amount of net power available to 
generate electricity, after taking into account of the mechanical power required to drive the 
compressor (470.67kJ/kg). Moreover, the system exhaust temperature is slightly lower. This is 
due to more turbine specific power being used for generating electricity, and hence less energy 
at the exhaust is left. 
4.3 Recuperated Cycle Design Point Analysis 
4.3.1 System with Power Turbine 
Parametric Analysis 
The efficiency and Total Specific Power trends of the recuperated cycle are very different from 
those of the simple cycle. Figure 4.5 shows the two parameters for a fixed TET value of 1250 K. 
The efficiency is maximum at a pressure ratio of 4. At this point, the recuperator is most 
effective, as the temperature difference between the compressor outlet and turbine outlet is 
large. The heat exchange between both streams is then maximised, and less energy is wasted. 
The efficiency decreases as the current density increases, because of the voltage losses 
occurring within the fuel cell stack. Similarly, the specific power decreases with the current 
density. It is worth to notice that the specific power curve is quite similar to that of the simple 
cycle, as shown in Figure 4.5(b). 
The recuperator contributes a lot with the improved efficiency, greatly reducing the amount of 
fuel required to reach the TET, but it does not improve the specific power in any way. The total 
specific power increases with pressure ratio, because of the positive impact over the fuel cell 
voltage and the power turbine supplied power. 
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Figure 4.5: Variations of (a) Thermal Efficiency (left) and (b) Total Specific Power (right) 
with Current Density and Pressure Ratio at TET=1250K, for recuperated cycle with 
power turbine 
 
Figure 4.6: Variations of (a) Thermal Efficiency (left) and (b) Total Specific Power (right) 
with Current Density and Pressure Ratio at Current Density = 300mA/cm2, for 
recuperated cycle with Power Turbine 
The next set of results includes variations of thermal efficiency (Figure 4.6(a)) and total 
specific power (Figure 4.6(b)) at a fixed current density with varying TET and PR. The shape 
of the efficiency plot is different from that of the simple cycle (Figure 4.2(a)), especially when 
the “carpet” curves back up at higher PR. This is due to the fact that the recuperator model can 
detect whether the use of heat exchanger is valid or not. At high pressure ratios and TET, the 
compressor outlet temperature may be higher than the turbine outlet temperature. At this point, 
a recuperator does not make sense. The recuperator is then disabled by the program, as it has a 
negative impact on the cycle. The recuperated cycle then behaves like a simple cycle, and the 
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efficiency trend follows that of the simple cycle. Similar to the simple cycle trend, the specific 
power increases with TET, as more power is extracted from the power turbine. 
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Figure 4.7: Variations of (a) efficiency for varying TET (left); and (b) power contribution 
of fuel cell and gas turbine (right) with PR, at TET=1250K and Current 
Density=300mA/cm2 for recuperated SOFC-GT system with power turbine 
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Figure 4.8: Variations of (a) Efficiency (left) and (b) Total Specific Power (right) with 
pressure ratio, for the recuperated cycle with power turbine, at TET=1250 K and Current 
Density=300mA/cm2 
Figure 4.7(a) shows that the efficiency peaks at low pressure ratios. The maximum efficiency is 
found at pressure ratio of 3, 4, 6 for 1050K, 1250K and 1450K respectively. When the TET is 
increased, more power is produced from the power turbine, and the gas turbine engine is more 
efficient at higher pressure ratios. 
Figure 4.7(b) shows that for the power split between fuel cell and gas turbine with constant 
TET and varying pressure ratio, it can be seen that the power turbine provides more power at 
higher pressure ratio. Also, at lower pressure ratio, it is possible for the fuel cell outlet 
temperature to be higher than the specified TET. If this happens, the program will overwrite the 
specified TET with the fuel cell outlet temperature accordingly.  
In order to focus on detailed curves against pressure ratios, the operating point chosen in 
respect with TET and i is: TET = 1250 K and i = 300 mA/cm2. The reasons for this choice are 
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explained in the following Design Point Choice and Results sub-section. Figure 4.8 shows the 
efficiency and the total specific power for these chosen values.  
The recuperated cycle has its highest efficiency occuring at a low pressure ratio of 4. This 
enables the use of a single-stage radial turbomachinery which is more compact, lighter and 
cheaper. Its efficiency is very good, making it a long-term alternative to non-hybrid cycles. 
Given the temperature difference between compressor and power turbine outlet, the size of 
recuperator required does not need to be too large.  
With all these advantages, the recuperated cycle is most suitable for small-scale power 
generation applications, when high efficiency and low capital cost are the objectives, and when 
a relatively lower specific power is not considered to be a major drawback. 
Design Point Choice and Results 
The proposed design-point choices are shown in Table 4.5. The pressure ratio is chosen to be 4 
to give the optimum efficiency. The choice of the TET value is influenced by two contradictory 
factors: 
1. It should be low enough to allow operation of the turbine without cooling, and with 
a good efficiency, 
2. It should be high enough to have a safety margin and ensure good control of the 
system at off-design. 
The value chosen is 1250 K as it represents a compromise, and allows a better control at off-
design (Chan 2003). Finally the fuel cell current density is chosen equal to 300mA/cm2. This 
value is a good trade-off between efficiency, capital cost and useful life.  
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Figure 4.9: Variations of temperature of each component with Pressure Ratio at the 
recuperated SOFC-GT system with power turbine 
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The temperature at each cycle point is shown in Figure 4.9 above. It can be clearly seen from 
the figure that the point where the recuperator stops working is at PR=18, where the gas side 
recuperator temperature peaks, and drops afterwards. 
 
Table 4.5: Proposed design point for the Recuperated hybrid cycle 
Pressure Ratio 4 
Turbine Entry Temperature (K) 1250 
Current density (mA/cm2 300 
 
Table 4.6: Net Performance for recuperated hybrid cycle with Power turbine [1166 cells]  
Net Power (kW) 250.090 
Mass flow rate of air (kg/s) 0.415 
Total fuel flow rate (kg/h) 30.058 
Fuel flow rate to the fuel cell (kg/h) 23.478 
Fuel flow rate to the combustor (kg/h) 6.580 
CO2 emissions (kg/s) 0.0228 
 
Table 4.6 shows the performance information regarding a system at 250kW. It is found that a 
fuel cell with 1166 cells can contribute to just above 250kW of electric power. The mass flow 
rate of fluids and CO2 emissions are given. Most of the fuel goes to the fuel cell, which are 
more efficient in converting chemical energy of the fuel into electricity.  
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Effects of compressor choice on design point performance 
Table 4.7: Design point performance of the Recuperated hybrid cycle with power turbine 
- Comparison of original (HPC01 compressor) with present (NTUAC33 compressor) 
results 
Parameters Original model 
HPC01 
compressor with 
isentropic 
efficiency (0.81)
Present model 
NTUAC33 
compressor with  
isentropic 
efficiency (0.83) 
Thermal Efficiency (%) 59.4 59.7 
Total Specific Power (kJ/kg) 598 602 
Total Fuel/Air Ratio 0.020 0.020 
Fuel Cell Voltage (V) 0.7040 0.7040 
Specific Power from fuel cell (kJ/kg) 440 (73.6 %) 440 (73.1 %) 
Specific Power from power turbine (kJ/kg) 158 (26.4 %) 162 (26.9 %) 
Specific Power to drive the compressor 
(kJ/kg) 
174 170 
Specific Power to drive fuel pumps (kJ/kg) 5.5 5.5 
System exhaust temperature (K) 489 485 
 
Table 4.7 compares the performance results of the original model with the present model. This 
is needed because the original system model has chosen HPC01 as the compressor. The 
original model will be verified in Section 4.4 by an external referenced source with the same 
system configurations and operating parameters. The difference is only the choice of 
compressor with a higher isentropic efficiency for the present model (NTUAC3). Higher 
isentropic efficiency means lower loss at the compressor, leading to more net power available 
to the power turbine, hence higher Total Specific Power. Also, the system efficiency is higher. 
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Sensitivity Analysis of Small Effects 
Table 4.8 shows the effects of small variations of the design point values on the thermal 
efficiency, total specific power for the recuperated system with power turbine. 
From the table, it can be seen that: 
• For thermal efficiency in percentage points, the fuel cell AC/DC inverter efficiency 
followed by recuperator effectiveness lead to the most significant impacts.  
• For total specific power, all the 3 major system performance parameters have 
contributed to the changes. In the descending order of sensitivity impacts: fuel cell 
current density, TET and PR. 
• For power turbine specific power, the pressure ratio and TET both have significant 
impact. 
The effects of turbomachinery efficiency are less significant compared to the simple cycle, as 
the power turbine only produces just above a quarter (26.9%) of the total electric power (in 
Table 4.7) for the recuperated cycle, compared with 34.3% (in Table 4.2) for simple cycle. This 
also means that the fuel cell inverter efficiency is more important. The recuperator efficiency 
has a larger impact on the system efficiency, as it changes the optimal pressure ratio value. An 
increase in the pressure ratio has a small negative effect on efficiency but a positive effect on 
total specific power. However, in this recuperated cycle, a low pressure ratio has a much bigger 
overall advantage. This is due to reducing costs of the turbomachinery when expensive 
materials to cope with high operating temperatures and pressure are not needed. 
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Table 4.8: Design point sensitivity analysis for recuperated cycle with power turbine 
   Resulting changes 
Parameter Datum 
value 
Change 
in value 
Thermal 
efficiency (% 
points) 
Total Specific 
Power (%) 
Power 
Turbine 
Specific 
Power (%) 
4 +0.25 -0.005 1.082 3.354 Pressure ratio 
4 -0.25 -0.022 -1.214 -3.803 
1250 +25 -0.191 1.176 4.369 Turbine Entry 
Temperature (K) 1250 -25 0.199 -1.174 -4.364 
300 +25 -0.241 -1.428 -0.084 Fuel cell current density 
(mA/cm2) 300 -25 0.239 1.451 0.085 
83 +1 0.169 0.346 1.285 Compressor  
Isentropic efficiency (%) 83 -1 -0.181 -0.354 -1.317 
84 +1 0.089 0.304 1.128 Turbine Isentropic 
efficiency (%) 84 -1 -0.091 -0.312 -1.160 
89 +1 0.089 0.306 1.136 Power Turbine Isentropic 
efficiency (%) 89 -1 -0.091 -0.306 -1.136 
80 +1 0.369 -0.014 -0.052 Recuperator effectiveness 
(%) 80 -1 -0.371 0.014 0.052 
98 +1 0.129 -0.005 -0.018 Combustor efficiency (%) 
98 -1 -0.131 0.005 0.018 
98 +1 0.169 0.293 1.087 Spool mechanical 
efficiency (%) 98 -1 -0.171 -0.299 -1.110 
95 +1 0.169 0.283 1.053 AC Generator efficiency 
(%) 95 -1 -0.171 -0.283 -1.053 
89 +1 0.489 0.821 0.000 Fuel Cell DC/AC inverter 
efficiency (%) 89 -1 -0.491 -0.821 0.000 
4 +1 -0.131 -0.458 -1.586 Recuperator air side 
pressure loss (%) 4 -1 0.129 0.452 1.566 
4 +1 -0.131 -0.426 -1.584 Recuperator fuel side 
pressure loss (%) 4 -1 0.129 0.421 1.564 
5 +1 -0.131 -0.431 -1.601 Combustor pressure loss 
(%) 5 -1 0.129 0.425 1.581 
4 +1 -0.131 -0.426 -1.584 Fuel cell stack pressure 
loss (%) 4 -1 0.129 0.421 1.564 
0 +1 -0.121 -0.439 -1.522 Inlet pressure loss (%) 
0 +2 -0.261 -0.884 -3.062 
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4.3.2 System without Power Turbine 
Design Point Choice and Results 
The design point chosen for this case is exactly the same as the system with power turbine, as 
shown in Section 4.3.1. Table 4.9 shows the performance of the system.  
Table 4.9: Design point performance of the Recuperated hybrid cycle without power 
turbine [1155 cells; 250.1941kW] 
Thermal Efficiency (%) 60.008 
Total Specific Power (kJ/kg) 608.07 
Total Fuel/Air Ratio 0.02015 
Fuel Cell Voltage (V) 0.70402 
Specific Power from fuel cell (kJ/kg) 440.1 
Net Specific Power from gas turbine (kJ/kg) 168.0 
Percentage of Electric Power from fuel cell 72.4% 
Percentage of Electric Power from gas turbine 27.6% 
Specific Power to drive the compressor (kJ/kg) 169.9 
Specific Power to drive fuel pumps (kJ/kg) 5.55 
System exhaust temperature (K) 485 
Recuperator temperature rise (K) 413 
Table 4.10: Comparison of design point performance of the Recuperated hybrid cycle 
with and without power turbine to achieve 250kW of overall power 
System configuration With power turbine Without power turbine 
Number of fuel cells 1166 1155 
Net Power (kW) 250.0896 250.1951 
Total Specific Power (kJ/kg) 602 608.07 
Overall system efficiency (%) 59.7 60.01 
Mass flow rate of air (kg/s) 0.4154 0.4115 
Total fuel flow rate (kg/h) 30.06 29.92 
Fuel flow rate to the fuel cell (kg/h) 23.48 23.26 
Fuel flow rate to the combustor (kg/h) 6.58 6.67 
CO2 emissions (kg/s) 0.0228 0.023 
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Results in Table 4.10 show that the performance results of the system with and without power 
turbines are very similar. For the system with the power turbine, more fuel cells are required, 
although the total specific power is less, and the efficiency is slightly lower. This is due to 
losses at the extra gas generator turbine. More total fuel is needed, although more fuel goes to 
the fuel cell.  
In the Trigeneration system at Chapter 5, it is decided to choose a system without the power 
turbine to reduce system complexity and number of components, save physical space and 
improve overall system performance in a ship. 
4.4 Conclusion and Validation of the Design Point Results 
As expected, the recuperated cycle has a higher system efficiency than the simple cycle. Its low 
pressure ratio makes it suitable for marine power systems using micro-turbines. It is often hard 
to validate the results obtained, as the parameters and efficiencies chosen in each study are 
different. Siemens Westinghouse published data (Chan 2003) claimed an efficiency of 60% for 
a recuperated cycle at a pressure ratio of 3.5; which is of a similar order as the optimum found 
the current analysis. 
 
Fortunately, the results of the design point recuperated SOFC-GT system can be verified with a 
few peer-reviewed journal papers in this case. Haseli et al. (2008a, b) verified his model in two 
papers with the recuperated SOFC-GT system model (with power turbine) described in this 
section. Since the design point and component operating parameters the same as those in the 
model explained in this chapter are used as the foundation of his entropy and exergy model, the 
two papers become valuable sources for validation. 
 
Note that Haseli et al. (2008a, b) compared his model with the original Matlab model system 
that used the compressor HPC01, rather than the updated NTUAC33. This means that the 
compressor isentropic efficiency is 0.81, rather than 0.83. Hence the overall system efficiency 
is reduced to 59.4% from 59.7% when NTUAC33 (with higher efficiency). Also, the number of 
cells in the fuel cell system model to be compared with the Haseli one is 11540 cells (for power 
generation applications), while there are 1166 cells in the model (for ship based load 
applications) explained in this chapter, This does not affect much as the Matlab model is 
programmed to perform thermodynamic calculations based on specific power, not the actual 
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power, so the two models can be compared fairly with this parameter. Also, the (electric) power 
split between fuel cell and gas turbine remains unchanged regardless of cell numbers. 
 
As shown in Table 4.11, both models give very close results. The larger difference in the 
predicted values for the turbine specific power output, as explained in Haseli et al. (2008a, b), 
could be due to a different assumption made to calculate the specific heat ratio (γ), which 
would lead to different specific power values. The fact that the results in Haseli et al. (2008a, b) 
are in very good agreement with the present work shows that the model and results presented in 
this work are fully sensible and verified. 
 
Table 4.11: Comparison between the SOFC-GT recuperated system performance results 
in this work with that cited in Haseli et al. (2008a, b) 
Parameter Unit Present study Haseli et al. 
System thermal efficiency % 59.4 60.6 
Specific power to drive compressor kJ/kg 174 175.7 
Specific power from generator kJ/kg 158 146.4 
Total specific power SOFC kJ/kg 440 437.5 
Total specific power produced kJ/kg 598 583.9 
 
In conclusion, despite the advantage of having less components and hence slightly higher 
efficiency for the case without power turbine (single shaft), a system configuration with power 
turbine (twin shaft) is chosen for off-design analysis. This is because the presence of the power 
turbine has the benefits of better off-design control and more flexible operations, as the power 
turbine can be designed to be run at the generator speed without the need for an expensive 
reduction gearbox. Also, the operating line of the free power turbine has an operating line 
independent of the load, in contrast to the single-shaft system behaviour which the operating lie 
is affect by the load behaviour. This will be explained in the following section.  
For the trigeneration study, a system without the power turbine is chosen to determine the 
optimum system performance as the system is likely to operate at full load for most of the time. 
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4.5 Off Design Analysis of the Recuperated Cycle 
4.5.1 Background Theory 
The cycle calculations in the previous section show that it is possible to determine the pressure 
ratio that leads to the maximum overall efficiency. The mass flow rate of air to be fed into the 
fuel cell is known, as well as the TET. It is therefore possible to design all the system 
components, so that they are adapted to the design point requirements of pressure ratio, 
temperature, mass flow and efficiency, and provide with the required design-point power. The 
design-point represents the operating conditions at which the cycle has been optimised and is to 
be run at most of the time. 
 
However, in the case of marine application, the system must be able to cope with changes in 
the power demand, when it operates at a lower power than the design-point full power of 
250kW, as required by the base load of the ship. For example, if the base load requirement is 
only 200kW, then the system only needs to generate 80% of the design point power. It is then 
crucial to assess the system performance over a wide range of operating conditions and output 
power. This is known as the off-design or part load performance.  
Components Characteristics 
In order to carry an off-design analysis, the variations of the mass flow, pressure ratio and 
efficiency together with rotational speed for the compressor and turbine need to be known. 
These variations are specified by curves of pressure ratio, efficiency, and speed plotted against 
mass flow or pressure ratio, and efficiency against pressure ratio. These curves are referred to 
as characteristics or maps.  
 
These component maps are usually hard to get from turbomachinery manufacturers. The maps 
used in this work are the variable geometry compressor and turbine maps provided by the 
National Technical University of Athens (NTUA), while the maps at the original model are 
standard maps from the Gasturb software (Kurzke 2004). All the maps are provided as 
numerical tabulated data. In order to get information from these tabulated data, it is useful to 
load it into matrices and scale it to match the actual design-point (as the maps are not 
specifically designed for the particular purpose in this work). Once this preliminary work has 
been accomplished, if the efficiency and mass flow for any particular speed needs to be found, 
the data have to be interpolated from the provided information. 
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In order to ease and automate this cumbersome procedure, a set of Matlab functions have been 
written to read, scale, display and interpolate maps. The maps shown in Figure 4.10 and 4.11 
have been obtained using these functions. On the maps, the same speed lines can correspond to 
several pressure ratios. For example, the speed line 0.5 covers the pressure ratio range of 1.1 to 
1.45. For the compressor map, the scaling or sizing down by the functions is based on corrected 
mass flow and pressure ratio requirements. In this way, the map is scaled up and down as 
required. 
An auxiliary parameter β is needed to determine a unique operating condition. The use of beta 
(β) lines in determining location of operating points on compressor map can be seen in Figure 
4.12, and is explained in greater detail in the Gasturb manual (Kurzke 2004). β ranges from 0 to 
1, which corresponds to the lowest and highest edge of the compressor corrected rotational 
speed lines. Figure 4.12 shows that the speed lines crossed by 10 beta lines, which equally 
crosses and divides the 4 constant speed lines. It is based on the principle that when the 
compressor map is scaled up or down according to the size of the turbomachinery, the shape of 
the graph remains unchanged.  
 
 
Figure 4.10: Compressor map for radial compressor NTUAC33, with operating points 
(blue crosses) forming an equilibrium line.  
The black lines are the constant corrected rotational speed lines, with coloured contours 
representing regions of constant compressor efficiency. The thick red line above the speed 
lines is the surge margin. The design point is the cross on the black line with constant 
corrected rotational speed value of 1. 
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Figure 4.11: Power turbine maps for NTUAT3 turbine for (a) relative corrected mass 
flow and (b) isentropic efficiency, with operating points forming an equilibrium line 
 
Figure 4.12: Explanation of use of beta lines in determining location of operating points 
on compressor map (Kurzke 2004) 
Non-Dimensional Values 
The performance of a compressor or turbine is usually represented by their characteristics, 
plotted as speed lines against mass flow (for the compressor) or pressure ratio (for the turbine). 
However, these values are dependent on other variables like the ambient conditions, which 
could modify the properties of the stream (e.g. density). The use of non-dimensional quantities 
can simplify the problem. 
 
The quantities that influence the compressor operation (a fixed size engine compressing air) 
can be expressed as the following function as in (Cohen et al. 1996):  
 
Function (D, N, m, p01, p02, RT01, RT02) = 0       (4.1) 
 
where D is a characteristic linear dimension of the system, N is the rotational speed, m is the 
mass flow rate, and R is the gas constant. The subscripts 1 and 2 refer to the inlet and outlet 
respectively. The 0 before the subscripts corresponds to total or stagnation value for pressure or 
 113
temperature. According to the Pi-Theorem, the compressor function with 7 variables can be 
reduced to a function with four non-dimensional groups derived from the original variables, 
since there are three fundamental units (mass, length, time) within the original variable 
dimensions. Hence, Equation 4.1 can be reduced to the following four useful groups: 
 
 
As the interest is in the performance of a fixed size compressor pressurising a specified gas 
(air), R and D can be removed from the equation, leaving with the four quantities: 
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For the turbine, the three parameters are: 
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In this work, values relative to the design points are used instead of the non-dimensional mass 
flow and speed for convenience.  
The relative mass flow and speed of the compressor used are respectively: 
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where subscript dp refers to design point values.  
Assumptions  
The off-design analysis of a gas turbine system is a complex process. The addition of the fuel 
cell model to the system makes it even more complicated. It is necessary to introduce a few 
simplifications. Only maps for the power turbine have been used and no gas generator turbine 
map is used. This is because both the efficiency and the corrected flow of this kind of turbine 
remain fairly constant throughout the operating range of the gas generator of a free power 
turbine engine. Moreover, off-design variations with power in secondary effects such as 
Reynolds correction, pressure losses changes, recuperator and combustor efficiency have been 
neglected. As seen in the previous section, most of the power of the system comes from the fuel 
cell, and this greatly reduces the influence of the turbomachinery over the whole cycle. 
Therefore, the impact of all the secondary parameters of the gas turbine engine would improve 
the results accuracy slightly. 
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4.5.2 Modelling Methodology 
Part-load Operation of the Fuel Cell 
For part-load operation, the fuel cell is easier to operate than the gas turbine. This is due to the 
lack of any mechanical part, and there is no need to do iterations in order to ensure speed 
matching between different turbomachinery components. For a simple atmospheric pressure 
fuel cell system, part-load operation can be achieved simply by a reduction of the current drawn 
from the stack. However, in the case of a hybrid cycle, the interaction between the components 
makes the part-load operations more complex. When the fuel cell current density is reduced, its 
outlet temperature drops. The whole cycle is then affected by this reduction in temperature. It is 
necessary to find a way to separate the fuel cell operation “thermally” from the gas turbine 
operation. This can be achieved by a gas turbine combustor. 
 
Part-load operation of the fuel cell is possible with the following methods: 
1. Constant mass flow rate. The current drawn from the fuel cell can be reduced with a 
constant mass flow, by adjusting the air utilisation factor Ua accordingly. As Ua is 
reduced, the cell exhaust temperature drops. In order to keep a current mass flow rate, 
the gas turbine engine must maintain its nominal speed. The combustor is then provided 
with more fuel, to counteract the drop in temperature from the fuel cell, and maintain a 
constant TET. The power from the power turbine is therefore constant. 
2. Constant air utilisation factor. By keeping the air utilisation factor constant, and 
reducing the current density, part-load operation under reduced mass flow rate can be 
achieved. The gas turbine speed has to be reduced, together with the TET to match the 
reduction in mass flow rate. The power drawn from power turbine is reduced as well. 
 
These two methods have both their advantages and disadvantages. The first method is easier to 
operate, but is likely to be less efficient, as the fuel flow to the combustor is increased. This 
method is more suitable for small load excursions, during short amounts of time. The second 
method is more complex, as it requires the control of the shaft speed in addition to the control 
of the TET. However, as the air utilisation factor is kept constant, the fuel cell outlet 
temperature should be higher than with the first method. Also since the fuel flow to the 
combustor is reduced as well, this method is probably more efficient than the first one. It is 
suitable if the part-load operation that lasts for a long-time.  
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Computational Strategy 
The strategy used to model the part-load operation depends heavily on the chosen method 
(constant mass flow, or constant Ua). Both methods are presented and studied below. 
I. Constant Mass Flow Method 
The constant mass flow method is the easiest to implement. The design-point program does not 
need to be modified much to carry out this mode of operation. The following procedure is used: 
1. A design point analysis of the system is run. Parameters such as power, efficiency 
and mass flow are saved for comparison later. 
2. Given the desired current density and the mass flow from design point, the new air 
utilisation factor is calculated. 
3. The program runs through a normal cycle analysis with the new current and Ua 
parameters, and gives the new system performance. 
The gas turbine parameters such as pressure ratio and TET are kept constant. The mass flow is 
the same, as the program adjusts Ua so that it matches exactly the required mass flow and 
current density. 
The gas-turbine and fuel cell are “separated” in this mode of operation by the combustor. 
 
II. Constant Air Utilisation Method 
The constant Ua method is more complex and requires the use of compressor and turbine maps. 
The gas turbine components capacity must be matched, and this requires an iterative procedure 
in order to find the equilibrium point. The procedure below is described in Figure 4.13: 
1. A design point analysis of the system is run. The performance results and the 
pressure ratios, mass flows, temperatures of the system at design point are saved for 
later use.   
2. The compressor and power turbine maps are loaded and scaled in respect with the 
design point. The design point rotational speed is Ndp = 1. The auxiliary parameter β is 
taken equal to 0.5 for the compressor and to 0.7 for the power turbine. 
3. The compressor operating point 01/ TN  is chosen. The corresponding pressure ratio 
p02/p01, mass flow 01011 / pTm  and efficiency are interpolated from the compressor 
map. This allows the compressor model to be run, and the output temperature and 
pressure to be drawn. The 
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recuperator model is run as well. The fuel cell current density is then calculated from 
the new mass flow, and the fuel cell model is run. 
4. The gas generator turbine mass flow 05055 / pTm  is calculated from design-point 
data; as stated before, the turbine mass flow and efficiency are assumed to be constant. 
The compatibility of flow between the compressor and turbine is expressed as: 
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The terms 05055 / pTm  and 01011 / pTm  are known, as are p01/p02, p02/p03, p03/p04 and 
p04/p05 (either pressure ratio or pressure losses). The term m5/m1 is equal to 1+FAR, 
where FAR is the fuel/air ratio (the FAR is evaluated from design-point data). T05 is the 
only unknown variable of this equation, and can therefore be evaluated. Knowing T05 
which is the TET, it is possible to run the combustor model and the turbine model to 
obtain conditions at 6. 
5. The mass flow at the power turbine inlet is obtained from the previous data by: 
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The pressure ratio across the power turbine p06/p07 is easily calculated, knowing the 
pressure losses through the recuperator and the conditions at 6. The non-dimensional 
speed of the power turbine is calculated from the design point value, keeping in mind 
that the load is driven at synchronous speed (so N is constant): 
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As relative values are used, ( ) 1/ 07 =dpTN . With the pressure ratio and the speed of 
the power turbine, mass flow at inlet can be evaluated by interpolation from the map. 
The new value of 06066 / pTm  can be compared to the one derived from Eq. 3.75. If 
the two values do not agree, the compressor operating point must be modified:  
( )
( )
calc
map
oldnew pTm
pTm
06066
06066
/
/×= ββ       (4.7) 
This new β is used to choose a new point on the compressor speed line. The power 
turbine model is rerun in order to update the gas side inlet temperature of the 
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recuperator. The whole process is then repeated until convergence. Typically, the 
iteration loop runs for 2 to 3 times before converging. Once convergence is reached, the 
system performance is calculated and output provided. 
 
Note that the effect of operating two turbines in series is that the requirement for flow 
compatibility between the two turbines places a major restriction on the operation of the gas-
generator turbine. As long as the power turbine is choked, the gas generator turbine will operate 
at a fixed non-dimensional point. With the power turbine unchoked, the gas generator will be 
restrained to operate at a fixed pressure ratio for each power turbine pressure ratio. Hence the 
maximum pressure ratio across the gas-generator turbine is controlled by choking of the power 
turbine. At all times, the pressure ratio and the equilibrium running line (operating line) for the 
free turbine engine is independent of the load, and is controlled by the swallowing capacity of 
the power turbine. This is in contrast to the behaviour of the single-shaft unit, where the 
running line depends on the characteristic of the load (Cohen et al. 1996). 
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Figure 4.13: Flowchart of the off-design recuperated cycle model for the constant Ua case 
(Galinaud 2004) 
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4.5.3 Part-load Operation 
I. Constant Mass Flow Operation 
This method of operation requires maintaining a constant mass flow rate throughout the system, 
by keeping a constant TET. It is the easiest way to operate the system at part-load. The fuel cell 
model is designed to accept current densities as low as 100 mA/cm2. Correct operation of the 
model below these values cannot be guaranteed, as the interpolation scheme for the voltage 
may be inaccurate, due to unavailability of the actual experimental data outside the 100-600 
mA/cm2 range from the Siemens Westinghouse tubular SOFC. It is therefore decided to limit 
the off-design operation to this level. 
 
Figure 4.14(a) shows the system efficiency at part-load operation for a constant mass flow. The 
efficiency drops rapidly, and is only 47% at a 55% of design point power output. Figure 4.15(a) 
shows the power balance between the fuel cell and the power turbine. As the TET is kept 
constant, the actual power delivered by the power turbine is constant. When the power from 
fuel cell is reduced, the contribution from the power turbine becomes more important. This is 
the same effect as increasing the TET at design-point. Using gas turbine to produce power is 
less efficient than the fuel cell, which explains the drop in efficiency at part-load. The 
additional fuel to the combustor is necessary to maintain the constant TET, and by this way a 
constant mass flow, as shown in Figure 4.15(b). Indeed, the fuel cell outlet temperature drops 
as the current density is decreased, as shown in Figure 4.14(b). 
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Figure 4.14: Variations of (a) efficiency (left) and (b) temperatures (right) with off-design 
power for a constant mass flow operation for the recuperated SOFC-GT system with 
power turbine NTUAT3 
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Figure 4.15: Variations of (a) power contributions (left); and (b) fuel flow partition of fuel 
cell and gas turbine, at constant mass flow, for recuperated cycle with power turbine, 
using NUTA C33 compressor and T3 turbine 
This mode of operation leads to a drop in part-load efficiency. However, it is simple to operate, 
since the only parameter to control is the TET, which must be kept constant. It is therefore 
suitable for short part-load excursions (in minutes). If the part-load operation is to last longer 
(in hours), the second method (constant air utilisation factor) explained in the next section 
should be preferred. 
 
Note that the point of the lowest off-design power is the point at which the lowest value of 
current density the fuel cell V-i data, i.e. at 100mA/cm2. 
II. Constant Air Utilisation Factor Operation 
The second method to operate the system in part load requires the reduction of gas turbine mass 
flow when the fuel cell current density is reduced, such that the air utilisation factor is kept 
constant, at 0.25. The gas generator rotational speed has to be reduced. This leads to a drop in 
mass flow and pressure ratio. The limiting speed is chosen to be 0.8 (relative to the design point 
value). Lower values than this would lead to inconsistency in the turbine map interpolation and 
too low a TET.  
 
The efficiency versus off-design power graph in Figure 4.16(a) shows that the system is more 
efficient at part-load operation than at full-load. When the speed of the gas turbine engine is 
decreased, the TET decreases as well. The drop of TET is faster than the drop of fuel cell outlet 
temperature regardless of the choice of compressor, as shown in Figure 4.29. Hence, less fuel is 
required to the combustor. Moreover, the power from the power turbine is decreased as well. 
As the current density of the fuel cell reduces, its voltage becomes higher, increasing the 
efficiency further. 
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Eff VS Power, for constant Ua=0.25 (NTUAC33+NTUAT3)
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Figure 4.16: Variations of (a) efficiency (left) and (b) current density (right) with off-
design power for recuperated cycle with power turbine using NTUA C33 compressor and 
T3 turbine, at a constant air utilisation factor Ua = 0.25. (100% to 80% of the design 
point rotational speed) 
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Figure 4.17: Variations of (a) power contributions (left); and (b) fuel flow partition of fuel 
cell and gas turbine, at constant Ua = 0.25, for recuperated cycle with power turbine, 
using NUTA C33 compressor and T3 turbine 
In order to have a better understanding of these phenomena leading to this high part-load 
efficiency, additional plots are presented. Figure 4.17(a) shows the power contribution of the 
fuel cell and power turbine. The curve is very different from those shown in Figure 4.17(b). 
The power contribution of the power turbine becomes smaller as the power diminishes. 
The equilibrium lines for the compressor and power turbine are shown on Figure 4.10 and 4.11. 
The efficiency of both components is slightly higher at first, and then drops as the speed is 
decreased further. However, the power contribution of the power turbine becomes negligible at 
small load, and the drop in turbomachinery efficiency has minimal impact.  
 
Note that the point of the lowest off-design power is determined by the turbomachinery spool 
speed chosen to be reduced to, in this case, 80% of the design point speed. 
 
 122
The part-load operation at constant air utilisation factor is more difficult to operate than the 
constant mass flow method. The speed of the gas generator spool needs to be controlled, as 
well as the TET. This method is therefore suitable for bigger systems, which need to operate at 
part-load during long periods of time. 
III, Combining Two Operating Modes for Part-load 
For the constant mass flow operation, the current density of the fuel cell could be decreased to 
the minimum value of 100 mA/cm2. However, in the case of constant Ua operation, the 
minimum current density is 205 mA/cm2, as shown in Figure 4.16(b). This leaves room for 
further reductions, but the gas-generator mass flow cannot be lowered anymore. By combining 
the two operating modes, it is possible to run the system at smaller load levels. The air 
utilisation factor corresponding to a current density of 100 mA/cm2 can be easily calculated, 
and it is 0.12. The model is therefore run at air utilisation factors within the range of 0.10 and 
0.25, and the mass flow is decreased at the same time, combining the two methods. This can be 
found in Figure 4.18. Note that current densities lower than 100 mA/cm2 are not considered. 
 
The figure shows the variations of system efficiency with varying gas turbine rotational speed 
and air utilisation. The dotted lines show the rotational speed between 0.8 and 1. The solid line 
shows the air utilisation. 
 
As shown in Figure 4.18, the system can be run at about 30% load, with an efficiency of 49 %. 
This cross-plot shows clearly that, the operation at higher air utilisation factor is preferred. 
However, it is not always possible to keep a high Ua. For example, the system cannot be run at 
30% load with Ua = 0.25. In such cases, the system should be run at the lowest possible speed 
and highest air utilisation factor, except to save the fuel cell during part-load, as it is the most 
sensitive device of the system. 
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Efficiency VS Power (Ua,dp = 0.25) for NTUAC33 with T3
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Figure 4.18: Variations of system efficiency with off-design power, for different Ua and 
gas generator speeds, for the case with NUTAC33 compressor and NTUAT3 turbine 
4.6 Sensitivity of Compressor and Turbine Choice on Overall 
Performance 
The choice of compressor could potentially affect the overall system performance. To find out 
how significantly the effect is, the NTUAC33 radial compressor, provided by the FELICITAS 
project partner National Technical University of Athens, are compared with two compressors at 
the original model, axial compressor (NASA TM 101433) [HPC01] and radial compressor 
(Numeca) [HPC02] are chosen, while keeping power turbine unchanged. 
Note that the design point isentropic efficiency for HPC01 and HPC02 compressors is 
respectively 0.81 and 0.805; compared with 0.83 for the NTUAC33 compressor. 
HPC01 and HPC02 are chosen independent of all conditions (e.g. cost, weight and durability). 
The radial compressor map can be found in Figure 4.19(b), with operating points from design 
point (top right) to 80% of design point gas generator rotational speed. 
 
By comparing the two compressor maps (Figures 4.19(a) and (b)), it can be observed that the 
surge line similar and the choke margin is less pronounced for the radial turbine. Moreover, it 
can be shown that the compressor efficiency of HPC02 is increased from about 0.79 to 0.87 
(when the relative gas generator speed is reduced from 1 to 0.8). For HPC01, compressor 
efficiency is reduced from roughly 0.81 to 0.79. 
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Figure 4.19: Compressor map for (a) axial compressor NASA TM 101433 [HPC01] (left) 
and (b) Numeca radial compressor [HPC02] used in original model, with operating points 
(crosses) forming an equilibrium line. 
To find out the effects of compressor and turbine choice on the overall efficiency VS power 
(for different Ua and gas generator speeds), the model is run at 4 major air utilisation factors 
(0.25, 0.20, 0.15, and 0.10) for a combination of compressors HPC01, HPC02 and NTUAC33 
with turbines LPT01 and NTUAT3. The mass flow is decreased as well. 
In the following sections, the effects of compressor and turbine choices on individual isentropic 
efficiency and overall system efficiency at off-design are investigated in detail.  
 
 
Figure 4.20: Compressor map for radial compressor NTUAC33 used in the current model, 
with operating points (crosses) forming an equilibrium line. The red cross is at the design 
point. 
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4.6.1 Effects of Changing Power Turbine on Operating Line 
Figures 4.21, 4.22 and 4.23 compare operating lines of power turbines LTP01 and NTUAT3 on 
the compressor map when the compressors are respectively HPC01, HPC02 and NTUAC33. In 
all the 3 figures, the NTUAT3 is slightly closer to the surge line compared with LPT01, and the 
lowest relative corrected mass flow rate of NTUAT3 is a little less than that of LPT01. The 
small difference in operating line between LPC01 and NTUAT3 leads to a small difference in 
compressor isentropic efficiency with off-design power. 
 
The results show that changing the compressor and power turbine combination will have a 
small effect on off-design performance (mainly in terms of isentropic efficiency) of the 
compressor. 
 
Results show that on HPC01 (Figure 4.21), HPC02 (Figure 4.22) and NTUAC33 (Figure 4.23) 
compressor maps, the NTUAT3 operating line is consistently closer to the surge line than 
LPT01.  
 
Figure 4.21: Comparison of operating line between LPT01 and NTUAT3 turbine on the 
compressor map for NASA axial compressor [HPC01]  
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Figure 4.22:  Comparison of operating line between LPT01 and NTUAT3 turbine on the 
compressor map for Numeca radial compressor [HPC02]  
 
 
Figure 4.23: Comparison of operating line between LPT01 and NTUAT3 turbine on the 
compressor map for NTUA radial compressor [NTUAC33] 
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4.6.2 Effects on Overall Efficiency and Operating Range 
A constant mass flow rate scenario will have the lowest off-design power at the lowest value of 
fuel cell current density of 100mA/cm2 (constrained by the data points in the V-i data from 
Siemens Westinghouse SOFC). For the constant air utilisation scenario, the lowest off-design 
power is at the 80% of the design point turbomachinery rotational speed. 
Figures 4.24 and 4.25 show that the choice of compressor and turbine will lead to variations in 
the off-design operating range. This is due to varying compressor and turbine isentropic 
efficiencies with each component and across the range of operating power. This will be seen at 
later sections. 
Figure 4.24 shows that the NTUAC33 compressor has consistent middle range performance 
compared to HPC01 and HPC02. For the comparison of variations of system efficiency with 
off-design power between HPC01 and HPC02 (with the same power turbine LPT01), it can be 
seen from Figure 4.24 that the overall system efficiency of HPC02 is almost always higher than 
that of HPC01, for all Ua (except for full load).  The highest efficiency is 63.5% for HPC02; 
63% for NTUAC33, 62.5% for HPC01; when Ua is 0.25 and relative gas generator speed is 0.8.  
At full load, system efficiency for HPC02 is slightly lower than that of HPC01. The lowest 
possible off-design power is 27.7% of full-load power for HPC01, 30% of full-load power for 
NTUAC33; and 33.7% of full-load power for HPC02 when Ua = 0.10. The range of power as a 
percentage of design point is wider for HPC01, although the system efficiency is almost always 
lower for HPC02. 
Figure 4.25 shows that the NTUAC33 compressor has consistent middle range performance 
compared to HPC01 and HPC02, although the operating range is much shorter for HPC02 and 
a little bit more for HPC01. 
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Comparison of Efficiency VS Power (Ua,dp = 0.25) between HPC01,HPC02,NTUAC33 with LPT01
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Figure 4.24: Comparison of Overall Efficiency VS Power (for different Ua and gas 
generator speeds) of compressors HPC01, HPC02 and NTUAC33 with the same power 
turbine LPT01 
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Figure 4.25:  Comparison of Overall Efficiency VS Power (for different Ua and gas 
generator speeds) of compressors HPC01, HPC02 and NTUAC33 with the same power 
turbine NTUAT3 
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4.6.3 Effects on Overall Efficiency for Constant Air Utilisation at 0.25 
Figure 4.26 and 4.27 both show the efficiency and operating range of HPC01, HPC02 and 
NTUAC33 when running at a constant air utilisation of 0.25. Comparing the two figures, it can 
be seen that the use of LPT01 as turbine leads to higher off-design overall efficiency for all the 
three compressor choice than NTUAT3. Also, by replacing LPT01 with NTUAT3 with the 
same compressor, the operating range is reduced. The lowest off-design power for HPC02 is 
changed from 67% to 72% of design point power; for NTUAC33, changed from 61% to 64.5% 
of design point power; for HPC01, changed from 57.5% to 60.5% of design point power. 
Efficiency VS Power, for constant Ua=0.25 (HPC01, HPC02, NTUAC33 with LPT01)
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Figure 4.26: Comparison of Overall Efficiency VS Power of compressors HPC01, HPC02 
and NTUAC33 with the same power turbine LPT01, at constant Ua=0.25 
Efficiency VS Power, for constant Ua=0.25 (HPC01,HPC02,NTUAC33 with NTUAT3)
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Figure 4.27: Comparison of Overall Efficiency VS Power of compressors HPC01, HPC02 
and NTUAC33 with the same turbine NTUAT3, at constant Ua=0.25 
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4.6.4 Effects on Fuel Cell Outlet and Turbine Entry Temperatures 
Figure 4.28 shows that HPC01 has the highest fuel cell outlet and turbine entry temperature, 
followed by NTUAC33 and then HPC02. HPC01 has the largest off-design operating range, 
followed by NTUAC33 and HPC02. All the three cases use the same compressor LPT01. 
Figure 4.29 shows the case when the compressor is replaced by NTUAT3. It shows similar 
trends as Figure 4.28, although the off-design operating range are slightly less. 
Temperature VS Power, for constant Ua=0.25 (HPC01, HPC02, NTUAC33 with LPT01)
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Figure 4.28: Variations of Fuel Cell Outlet Temperature and Turbine Entry Temperature 
for different combinations of compressors HPC01, HPC02, NTUAC33 with the same 
power turbine LPT01, at constant Ua=0.25 
Temperature VS Power, for constant Ua=0.25 (HPC01,HPC02,NTUAC33 with NTUAT3)
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Figure 4.29: Variations of Fuel Cell Outlet Temperature and Turbine Entry Temperature 
for different combinations of compressors HPC01, HPC02, NTUAC33 with the same 
power turbine NTUAT3, at constant Ua=0.25 
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4.6.5 Effects on Power Split between Fuel Cell and Gas Turbine 
Figures 4.30 and 4.31 show that NTUATC33 has the lowest fuel cell power contribution at part 
load, although not too far from HPC01. It also shows that the use of NTUAT3 leads to 
consistently lower fuel cell power contributions (amongst all of the three compressor choices) 
compared with LPT01. 
Power balance between FC and Power Turbine (HPC01, HPC02, NTUAC33 with LPT01), at Ua=0.25
70
75
80
85
90
95
55 60 65 70 75 80 85 90 95 100
Power (% of design point)
Po
w
er
 C
on
tr
ib
ut
io
ns
 (%
)
Fuel Cell (HPC01+LPT01)
Fuel Cell (HPC02+LPT01)
Fuel Cell (NTUAC33+LPT01)
 
Figure 4.30: Comparison of Fuel cell power contributions of HPC01, HPC02 and 
NTUAC33 with the same power turbine LPT01, at constant Ua=0.25 
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Figure 4.31: Comparison of Fuel cell power contributions of HPC01, HPC02 and 
NTUAC33 with the same power turbine NTUAT3, at constant Ua=0.25 
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4.6.6 Effects on Fuel Mass Flow Rate into Fuel Cell and Combustor 
Both Figures 4.32 and 4.33 above show consistency that when HPC02 is used, the combustor 
burns less fuel, and the fuel cell uses more fuel. This will explain partly when the system 
efficiency for the case with HPC02 will consistently be higher, compared with HPC01 and 
NTUAC33. 
Variations of fuel flow rate entering fuel cell and combustor with off-design power, at constant Ua=0.25
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Figure 4.32: Variations of fuel mass flow rate at fuel cell and combustor inlets with Power 
for HPC01, HPC02 and NTUAC33 with the same turbine LPT01, at constant Ua=0.25 
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Figure 4.33: Variations of fuel mass flow rate at fuel cell and combustor inlets with Power 
for HPC01, HPC02 and NTUAC33 with the same turbine NTUAT3, at constant Ua=0.25 
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4.6.7 Effects on Compressor Isentropic Efficiency 
Figures 4.34 and 4.35 show that regardless of choice of power turbine, NTUAC33 has 
relatively constant isentropic efficiency with a decrease of off-design power from design-point; 
compared with HPC01 with a large increase and HPC02 with a smaller drop in isentropic 
efficiency.  
Variations of compressor efficiency with off-design power 
for HPC01, HPC02, NTUAC33, at constant Ua=0.25
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Figure 4.34: Variations of compressor isentropic efficiency with off-design power for 
HPC01, HPC02 and NTUAC33 with the same power turbine LPT01, at constant Ua=0.25 
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Figure 4.35: Variations of compressor isentropic efficiency with off-design power for 
HPC01, HPC02 and NTUAC33 with the same power turbine NTUAT3, at constant 
Ua=0.25 
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4.6.8 Effects on Power Turbine Isentropic Efficiency 
Figure 4.36 shows that HPC02+LPT01 combination has maintained a narrow off-design power 
range (67.5-100% of design point power) but high power turbine isentropic efficiency range 
(0.835 to 0.91) at off-design. The NTUAC33 +LPC01 and HPC01+LPC01 curves are very 
close to each other. HPC01+LPC01 combination has the widest operating power range (57.5% 
to 100% of design point). However, the power turbine isentropic efficiency is the widest (0.76 
to 0.91) amongst the three compressors.  
Figure 4.37 shows that all the three compressor choice with NTUAT3 leads to a reasonably 
constant off-design power turbine isentropic efficiency. 
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Figure 4.36: Variations of power turbine isentropic efficiency with off-design power for 
HPC01, HPC02 and NTUAC33 with the same power turbine LPT01, at constant Ua=0.25 
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Variations of power turbine efficiency with off-design power at Ua=0.25
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Figure 4.37: Variations of power turbine isentropic efficiency with off-design power for 
HPC01, HPC02 and NTUAC33 with the same power turbine NTUAT3, at constant 
Ua=0.25 
4.6.9 Effects on Current Density 
Both Figure 4.38 and 4.39 show that HPC01 can operate at the lowest off-design current 
density, closely followed by NTUAC33. When operating with HPC01, the use of LPT01 will 
lead to a wider operating power range, while the use of NTUAT3 will lead to the lowest current 
density.  
Variations of current density with off-design power for HPC01, HPC02, NTUAC33, at constant Ua=0.25
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Figure 4.38: Variations of current density with off-design power for HPC01, HPC02 and 
NTUAC33 with the same power turbine LPT01, at constant Ua=0.25 
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Variations of current density with off-design power for HPC01,HPC02,NTUAC33 with NTUAT3, at Ua=0.25
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Figure 4.39: Variations of current density with off-design power for HPC01, HPC02 and 
NTUAC33 with the same power turbine NTUAT3, at constant Ua=0.25 
4.6.10 Summary 
Tables 4.12 and 4.13 summarise the effects of compressor choice HPC01 (axial), HPC02 
(radial) or NTUAC33 (radial); and turbine choice LPT01 and NTUAT3 on isentropic efficiency 
and minimum off-design operating power range. 
Table 4.12: Summary of compressor and turbine isentropic efficiencies, and overall 
system efficiency characteristics comparison of 3 different compressors (with NTUAT3) 
at Ua=0.25 
 Range of compressor 
isentropic efficiency  
Range of turbine 
isentropic efficiency  
Range of system 
thermal efficiency 
HPC01 0.797 to 0.815 0.89 to 0.906 58.7% to 61.8% 
HPC02 0.805 to 0.868 0.89 to 0.907 58.6% to 63.0% 
NTUAC33 0.831 to 0.837 0.89 to 0.906 59.0% to 62.5% 
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Table 4.13: Summary of minimum off-design power of different combinations of 
compressors and power turbines at Ua=0.25 
Minimum off-design 
power (% design pt) 
HPC01 HPC02 NTUAC33 
LPT01 58.1% 67.4% 60.7% 
NTUAT3 60.4% 72.4% 62.0% 
 
By comparing all the cases shown in Table 4.12, it can seen that the choice of compressor 
could have a large effect on the off-design isentropic efficiency range, as well as the operating 
power range. When NTUAT3 is used while varying the choice of compressor, it can be seen 
that NTUAC33 has the most stable isentropic efficiency range. Combined with a stable off-
design turbine isentropic efficiency, this leads to a high off-design system efficiency range.  
HPC02 has the widest compressor isentropic efficiency range (from 0.805 to 0.868, covering 
6.3%) and the most efficiency value in peak compressor isentropic efficiency (0.907), for a 
system operating at design point Ua of 0.25.  
  
Table 4.13 shows that the HPC01-LPT01 combination leads to the widest off-design power 
range (58.1% to 100% of design point), while HPC02-NUAT3 has the narrowest range of off-
design power (from 72.4% to 100% of design point power). The NTUAC33-T3 choice has a 
good and average off-design operating power range. 
4.7 Ambient Condition Changes 
The performance of the system can be affected by seasonal climatic or latitudes variations. For 
example, a ship is expected to run in different parts of the world throughout the year, with 
ambient temperature ranging from -10°C to 50°C. The ambient temperature has an effect on air 
density and hence affects the turbomachinery operation. The off-design model available is 
capable of predicting the system performance under different ambient temperatures. In this 
analysis, the NTUAC33 compressor is used in the system. 
 
The ambient temperature at design point is chosen to be 288K. Due to the limitation of the 
compressor map scaling by Matlab, the lowest possible ambient temperature chosen is 263K (-
10°C). The temperature is the increased by an interval of 5K until 313K (40°C). 
 
 138
Figure 4.40 shows the effects of ambient condition change on compressor performance. It 
shows that the compressor operates at highly rotational speed at lower ambient temperature, 
with slightly higher pressure ratio and relative corrected mass flow. The opposite is true for 
higher ambient temperatures. 
 
The effects of ambient condition changes on overall system performance is summarised in 
Table 4.14. Performance data from the two ends of the temperature range as well as the design 
point are chosen to show the contrast. 
 
Table 4.14: System performance at varying ambient conditions for NTUA C33 and T3 
Ambient Temp. (K) 263 268 288(DP) 308 313 318 323 
Efficiency (%) 59.5 59.4 59.0 58.5 58.4 58.2 58.1 
Total specific power 
(kJ/kg) 607.74 606.20 600.95 596.44 595.91 595.46 594.98
Pressure ratio 4.43 4.33 3.99 3.71 3.64 3.58 3.52 
TET (K) 1262.3 1262.4 1268.9 1281.9 1287.7 1294 1300.3
4.7.1 Hot Climate Operation 
A hot climate corresponds to an operation at 313 K (40°C). Table 4.14 shows that a high 
ambient temperature results in penalty on efficiency and the total specific power. The TET has 
increased by 19 K. On a particularly hot day, at 323K (50°C), the TET reaches above 1300K.  
This is to be watched carefully, as the allowable turbine entry temperature may be exceeded, 
and this could result in damage to the system. In such cases, it may be necessary to decrease the 
mechanical speed of the spool, at the cost of a further drop in efficiency and power. 
 
Figure 4.40 shows that the operating PR and turbomachinery rotational speed is lower than 
design point. However, the relative corrected mass flow is reduced more than the rotational 
speed of the turbomachinery. Hence, the operating point is closer to surge. In the case, the 
variable geometry turbomachinery could move the operating points away from surge. 
4.7.2 Cold Climate Operation 
As for the hot climate conditions, a cold ambient temperature may have an impact on 
performance. It is evident that the system efficiency at a low temperature of 263 K (-10°C) is 
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higher, and higher total specific power. This is due to the increase in pressure ratio and mass 
flow.  
 
This means that when the yacht is in the tropics or the Middle East, the operating performance 
is different compared to that in the Arctic.  
 
 
Figure 4.40: Effects of ambient condition change on NTUAC33 compressor performance 
4.8 Standard Design and Operation Parameters 
In defining the SOFC-GT system, it is necessary to establish the design and operating 
parameters. Apart from numerical limits, it is important to relate these parameters to physical 
effects within the SOFC-GT, particularly when considering the overall control strategy for off-
design.  
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4.8.1 Sensitivity Analysis of Changing the Air and Fuel Utilisation Within 
Operating Limits on System Performance 
An introduction of the operating range and strategy is given at the literature survey chapter. 
This section analyses the effects of operating the system within the following safety limits of 
surge and prevention of electrode oxidation and soot production:  
o Fuel utilisation (Uf): between 0.8 and 0.9; Air utilisation Ua: between 0.2 and 0.4. 
o All the changes are relative to the design point case Uf=0.85 and Ua=0.25. 
The parameters taken into considerations are thermal efficiency, total specific power, gas 
turbine specific power, gas turbine power split and rated power, relative to design point. It can 
be seen in Figure 4.41 that increasing Ua from 0.25 to 0.4 leads to up to 6.1% points overall 
system efficiency improvement; while reducing Ua from 0.25 to 0.2 leads to an efficiency 
reduction of 3% points. Figure 4.42 shows that the total specific power can be significantly 
increased by up to 268kJ/kg when Ua is increased to 0.4, and reduced by 89kJ/kg when Ua is 
reduced to 0.2. Figure 4.43 shows that when Ua is increased to 0.4, there is a modest increase 
of 4kJ/kg in gas turbine specific power. Figure 4.44 shows that the gas turbine power split 
reduces by 7.8% points when Ua is increased to 0.4, and increases by 4.4% points when Ua is 
reduced to 0.2. Figure 4.45 shows that the rated power at Ua in 0.2 and 0.4 are respectively 
16kJ/kg more and 24kJ/kg less than design point power. Moreover, Figures 4.41 to 4.45 all 
show that variations in Uf within the safety limits has negligible effects on the system 
efficiency, total specific power, rated power and fuel cell-power turbine split. 
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Figure 4.41: Variations of Relative Thermal Efficiency with Ua and Uf (Design point: 
Ua=0.25, Uf=0.85; at 59.7%) for 250kW recuperated system with power turbine 
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Figure 4.42: Variations of Relative Total Specific Power with Ua and Uf (Design point: 
Ua=0.25, Uf=0.85; at 602.1kWs/kg) for 250kW recuperated system with power turbine 
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Figure 4.43: Variations of Relative Gas Turbine Specific Power with Ua and Uf (Design 
Point: Ua=0.25, Uf=0.85; at 162.0kWs/kg) for 250kW recuperated system with power 
turbine 
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Figure 4.44: Variations of Relative Gas Turbine Power Split with Ua and Uf (Design point: 
Ua=0.25, Uf=0.85; at 26.9%) for 250kW recuperated system with power turbine 
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Figure 4.45: Variations of Relative Rated Power with Ua and Uf (Design point: Ua=0.25, 
Uf=0.85; at 250.1kW) for 250kW recuperated system with power turbine 
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4.9 Variable Geometry 
Inspired by the ‘variable area turbojet’ concept in the aeroengines field, and the success in 
applying the variable nozzle concept in turbochargers, variable geometry compressor and 
`turbine are being used in this investigation. The advantage of having variable geometry 
turbomachinery feature is that it allows more flexibility in different system operating conditions, 
and moves the operating points away from compressor surge.  
 
For a compressor, the inlet guide vane angle and the diffuser angle can be varied. The nozzle 
guide vane angle in a turbine can be varied as well. Figure 4.46 illustrates the locations of the 
compressor inlet guide vanes and vaned diffuser; as well as the turbine nozzle guide vanes. 
Figure 4.47 shows how the diffuser angle can be varied. 
 
Ci 
Cj 
Ti 
 
Figure 4.46: Illustration of the Turbine and Compressor Variable Geometry 
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Figure 4.47: Illustration of Compressor Variable GeometryVaned Diffuser changing the 
angle 
Table 4.15 shows the terminology of compressor and turbine. For compressor, i and j refer to 
the Inlet Guide Vane angle and diffuser angle respectively. 
Table 4.15: Variable Geometry Turbomachinery Terminology 
Station number 1 2 3 4 5 
Compressor Cij  
Inlet Guide Vane angle i -60° -30° 0° 30° 60° 
Diffuser angle j -7° -3° 0° 3° 7° 
Turbine Ti  
Nozzle Guide Vane angle i -5° -2.5° 0° 2.5° 5° 
  
Based on the terminology, C33 and T3 are the base cases, when the compressor and turbine 
angles correspond to that of a fixed geometry compressor and turbine, known as the central 
position. The other cases have angle changes relative to the base cases. 
The corresponding compressor and turbine maps are provided by the FELICITAS Project 
partner National Technical University of Athens (NTUA). 
According to Sieros and Papailiou (2007), maintaining a constant TET (hence constant fuel cell 
stack temperature) has the advantage of maximising the system performance and life 
expectancy of the fuel cell. Three options for achieving this without operating the compressor 
at or near surge are Option 1, Option 2 or a combination of 1 and 2, as follows: 
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• Option 1. A variable geometry compressor is used to “shift” the characteristics at low 
speeds, hence increasing the surge margin. This shift can be performed by changing the 
Inlet Guide Vanes angles (which shift the speed lines “vertically”, changing the pressure 
ratio at a given speed) or a variable geometry diffuser (which shifts the speed lines 
“horizontally”).  
• Option 2. A variable geometry turbine is used. The throat area is changed and hence the 
swallowing capacity of the turbine. This change has an indirect effect on the compressor 
operation, influencing the point where mass flow and power balances are achieved. In 
effect, by increasing the nozzle guide vane angle, the reduced mass flow VS pressure 
ratio plots for all the shift rotational speed lines are shifted “vertically”. 
By putting the NTUA variable geometry compressor and turbine maps into the SOFC-GT (with 
power turbine) steady state off-design model, the variations of system efficiency with 
percentage of design point power output can be determined.  
 
4.9.1 Variable Geometry Compressor Maps 
By comparing Figure 4.48(a),(b), 4.49(a), it can be seen that the compressor setting will have 
an effect on the shape of the compressor map as well as the variations of compressor isentropic 
efficiency along the operating line. 
   
Figure 4.49(b) shows that the effects of changing the compressor variable geometry settings are 
small on the operating line, despite the operating line will have different efficiencies. Changing 
the turbine setting while keeping a constant compressor setting leads to a larger effect on the 
location of the operating line. As a result, only the base case C33 graph with varying turbine 
settings is shown in Figure 4.49(b).  
 
Also, since all the operating lines are away from the surge line, the effects of the overall system 
efficiency lies in the variations of compressor and turbine isentropic efficiencies with the 
variable geometry compressor and turbine settings. Based on the Overall system efficiency VS 
off-design power, the changes in efficiency is more significant when the turbine setting is 
varied for a fixed compressor setting. Therefore it will be important to investigate the variations 
of turbine isentropic efficiency with turbine settings. 
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Figure 4.48(a): Off-design operating line on the compressor map for NTUAC33 with 
power turbine T3 (left); (b): Off-design operating line on the compressor map for 
NTUAC11 with power turbine T3 (right) 
 
Figure 4.49(a): Off-design operating line on the compressor map for NTUAC55 with 
power turbine T3 (left); (b): Detailed diagram of comparison of off-design operating line 
on the compressor map for NTUAC33 with different power turbine T1, T3 and T5 (right) 
4.9.2 Variable Geometry Turbine Maps 
Figures 4.50-4.52 show how the variations in the compressor and power turbine variable 
geometry settings affect shape of the turbine map curves and the operating/equilibrium line. 
Comparing Figures 4.50(a) and (b), it can be seen that the T3 setting has a higher turbine 
isentropic efficiency than T1. Figures 4.51 (a) and (b) show that the C11 setting has 
consistently higher turbine isentropic efficiency than the C55 setting. 
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Figure 4.50(a): Power turbine maps for NTUAC33T3 with off-design operating line (left); 
(b): Power turbine maps for NTUAC33T1 with off-design operating line (right) 
 
Figure 4.51(a): Power turbine maps for NTUAC11T1 with off-design operating line (left); 
(b): Power turbine maps for NTUAC55T1 with off-design operating line (right) 
   
Figure 4.52(a): Variation of Relative Corrected Mass Flow with Pressure Ratio for 
NTUAC11T3 with off-design operating line and power turbine speed lines (left); (b): 
Variation of Relative Corrected Mass Flow with Pressure Ratio for NTUAC55T3 with 
off-design operating line and power turbine speed lines (right) 
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4.9.3 Varying Turbine Setting while Keeping Normal Compressor Setting 
Firstly, the compressor setting remains unchanged and the turbine setting is modified. 
The effects of changing the turbine setting (for constant base case compressor setting C33) on 
compressor efficiency over the operating power range can be seen in Figure 4.53. The 
variations of compressor efficiency with off-design power is very small (between 0.831 and 
0.837) compared with the variations in power turbine efficiency. Also, the differences between 
the 3 cases are small. At 75% of the design point power, the difference in power turbine 
efficiency between T3 and T5 is negligible, while the difference between T1 and T3 is 0.0007. 
 
Variations of compression efficiency with off-design power, for constant Ua=0.25 (NTUAC33+NTUAT135)
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Figure 4.53: Variations of compressor isentropic efficiency with off-design power for 
same compressor C33 and varying turbines T1, T3 and T5, at constant Ua=0.25 
4.9.4 Varying Compressor Inlet Guide Vane Setting while Keeping Normal 
Compressor Diffuser and Turbine Setting 
Figure 4.54 shows that by changing the compressor inlet guide vane angle while keeping the 
compressor diffuser and turbine nozzle guide vane angles constant, the compressor efficiency 
for C13 is unusually high in off-design compared with C33 and C53. This will contribute to the 
much higher overall efficiency for NTUAC13T3 throughout the whole off-design operating 
power range, as shown in Figure 4.68 in later section. Figure 4.55 shows that the by varying the 
inlet guide vane angles, there is negligible effect on the off-design power turbine isentropic 
efficiency as the three almost coincide. The only small difference is really the off-design 
operating power range, which is adjustable by the compressor inlet guide vane angle.  
 149
 
Variations of compression efficiency with off-design power, for constant Ua=0.25 (NTUACX3+NTUAT3)
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Figure 4.54: Variations of compressor isentropic efficiency with off-design power for 
same turbine T3 and varying compressors C13, C33 and C53, at constant Ua=0.25 
Variations of power turbine efficiency with off-design power, for constant Ua=0.25 (NUTACX3+NTUAT3)
0.888
0.89
0.892
0.894
0.896
0.898
0.9
0.902
0.904
0.906
0.908
55 60 65 70 75 80 85 90 95 100
Power (% of design point)
Po
w
er
 T
ur
bi
ne
 Is
en
tr
op
ic
 E
ff 
(%
)
NTUAC33T3
NTUAC13T3
NTUAC53T3
 
Figure 4.55: Variations of power turbine isentropic efficiency with off-design power for 
same turbine T3 and varying compressors C13, C33 and C53, at constant Ua=0.25 
4.9.5 Varying Compressor Diffuser Setting with Normal Turbine Setting 
Figure 4.56 shows the effects of changing the compressor diffuser setting on the compressor 
isentropic efficiency. As the compressor moves away from the design point, the efficiency 
reduces significantly in the C31T3, while the other two settings (C33T3 and C35T3) lead to 
higher off-design compressor isentropic efficiency. Also, the off-design operating range is 
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changed slightly by the diffuser setting, with C31 and C35 having the widest and narrowest 
range respectively. Figure 4.57 shows that all the three curves more or less coincide, similar to 
Figure 4.55. This means that the choice of compressor diffuser setting on power turbine 
isentropic efficiency is negligible between the different cases. 
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Figure 4.56: Variations of compressor isentropic efficiency with off-design power for 
same turbine T3 and varying compressors C31, C33 and C35, at constant Ua=0.25 
Variations of power turbine efficiency with off-design power, for constant Ua=0.25 (NUTAC3X+NTUAT3)
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Figure 4.57: Variations of power turbine isentropic efficiency with off-design power for 
same turbine T3 and varying compressors C31, C33 and C35, at constant Ua=0.25 
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4.9.6 Varying Both Compressor Inlet Guide Vane and Diffuser Settings while 
Keeping Normal Turbine Setting 
Figure 4.58 shows that by changing both compressor settings while keeping turbine setting to 
the base case T3, the operating power range can be varied by a large amount. C11 has the 
widest (with 57.5% of design point power as lowest range) while C55 has the narrowest (67.5% 
of design point power as the lowest range). The C11 setting leads to lower efficiency, while 
C55 leads to higher. This is due to the fact that the changes in the compressor inlet guide vanes 
and diffuser angles affect the performance of compressor and the flow of air within the 
compressor. 
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Figure 4.58: Variations of compressor isentropic efficiency with off-design power for 
same turbine T3 and varying compressors C11, C33 and C55, at constant Ua=0.25 
4.9.7 Varying Turbine Nozzle Guide Vane Setting while Keeping Same 
Compressor Setting 
Figure 4.59 shows that the choice of constant compressor setting C11 leads to lower 
compressor efficiency than design point 0.83 for all the turbine settings. The slight difference is 
that the drop in efficiency is much less for T1 compared to T3 and T5 which drops almost at 
the same pace to near 0.82. Figure 4.60 shows that the changes in turbine setting lead to almost 
no change on the compressor efficiency over the operating power range for constant C55 
setting. The compressor efficiency is consistently higher than design point 0.83.  
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Variations of compression efficiency with off-design power, for constant Ua=0.25 (NTUAC11+NTUAT135)
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Figure 4.59: Variations of compressor isentropic efficiency with off-design power for 
same turbine T3 and varying compressors C31, C33 and C35, at constant Ua=0.25 
Variations of compression efficiency with off-design power, for constant Ua=0.25 (NTUAC55+NTUAT135)
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Figure 4.60: Variations of compressor isentropic efficiency with off-design power for 
same compressor C55 and varying turbines T1, T3 and T5, at constant Ua=0.25 
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4.9.8 Effects of Varying Both Compressor and Turbine Settings on Power Turbine 
Isentropic Efficiency 
Figure 4.61 shows that the varying the compressor settings (for a fixed turbine setting) have 
negligible effects on power turbine isentropic efficiency, but it affect the off-design power 
range. C11 has the widest power range, while C55 has the narrowest.  
What is the most significant is that the power turbine settings affect the power turbine 
isentropic efficiency. The design point efficiency is 0.89. By changing the turbine setting to T5, 
the power turbine efficiency can be increased to 0.925 at the lowest off-design power range for 
C11. 
Variations of power turbine efficiency with off-design power, for constant Ua=0.25 (NUTACXX+NTUAT135)
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Figure 4.61: Variations of power turbine isentropic efficiency with off-design power for a 
combination of compressor C11/33/55 and turbines T1/T3/T5 settings, at constant 
Ua=0.25 
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4.9.9 Variations of System Efficiency with Part-load Power 
Base Case 
Figure 4.62 shows the overall system efficiency for the base case. This case has been explained 
in greater detail in Section 3.7.3.3. 
Efficiency VS Power (Ua,dp = 0.25) for NTUAC33 with T3
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Figure 4.62: Variations of system efficiency with off-design power for NTUAC33 and T3 
 
Varying Compressor Inlet Guide Vane Angle Only 
Figure 4.63 shows the results of two difference compressor settings C13 and C53, in additional 
to the existing base case as shown in Figure 4.62. It shows that by changing the compressor 
inlet guide vane angle only, the operating range can be extended with improved efficiency (for 
the setting 1, compared to default setting 3). 
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Efficiency VS Power (Ua,dp = 0.25) for varying settings (C13,C33,C53) & const T3
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Figure 4.63: Variations of system efficiency with off-design power for varying compressor 
settings C13/C33/C53 and constant T3 (Design point Ua=0.25) 
Varying Compressor Diffuser Angle Only 
Figure 4.64 shows the scenario when the compressor inlet and turbine nozzle guide vane angles 
are fixed as base case (C33), while the compressor diffuser angle is changed. It shows that for 
each Ua case (0.1, 0.15, 0.2, and 0.25) there is a small improvement in efficiency across the 
operating power range, when the compressor diffuser angle is +7° (C35). At C31 (compressor 
angle of -7°), the efficiency is reduced while the operating range is increased slightly. 
Figure 4.65 shows that by when the inlet guide vane setting is fixed at setting 5 while changing 
the diffuser setting, all the curves of C51, C53, and C55 are closer together than the case with 
C31, C33 and C35 (shown in Figure 4.64). However, the overall efficiency of the three settings 
(C51, C53 and C55) in all off-design operating power are slightly lower than in the cases for 
C31, C33 and C35. 
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Efficiency VS Power (Ua,dp = 0.25) for varying settings (C31,C33,C35) & const T3
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Figure 4.64: Variations of system efficiency with off-design power for varying compressor 
settings C31/C33/C35 and constant T3 (Design point Ua=0.25) 
Efficiency VS Power (Ua,dp = 0.25) for varying compressor (C51,C53,C55) setting for T3
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Figure 4.65: Variations of system efficiency with off-design power for varying compressor 
settings C51/C53/C55 and constant T3 (Design point Ua=0.25) 
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Varying Compressor Inlet Guide Vane and Diffuser Angle Setting (C55,33,11) 
Figure 4.66 shows that by varying the compressor diffuser angle settings to C55, C33 and C11, 
while fixing turbine setting to base case T3, all the three settings leads to different operating 
range, with C11 having the widest. The C55 curves are closer to the C33 curves, similar to the 
other cases shown in Figures 4.64 and 4.65. 
Efficiency VS Power (Ua,dp = 0.25) for varying compressor (C55,C33,C11) setting for T3
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Figure 4.66: Variations of system efficiency with off-design power for varying compressor 
settings C11/C33/C55 and constant T3 (Design point Ua=0.25) 
Varying Turbine Setting for Same Compressor Setting 
Figure 4.67 shows that when compressor setting C31 is fixed, the off-design efficiency is 
slightly lower by varying the turbine settings. The operating ranges are closer for all the 3 
turbine settings. Figure 4.68 shows the scenario when the compressor setting is fixed as base 
case (C33), and vary the turbine nozzle guide vane angle. It shows that the operating range for 
all the angles remains more or less the same, while the changes in efficiency is small.  
By comparing Figures 4.67 (C31), 4.68 (C33) and 4.69 (C35), it can be seen that the operating 
range are the same, as it is fixed by the compressor inlet guide vane angle. The only obvious 
difference is the overall efficiency. When the compressor setting is C31 (Figure 4.67), the 
overall efficiency is less than 50% across the whole operating range for all the three turbine 
settings at Ua of 0.1; while Figure 4.69 shows that the T3 and T5 curves (with Ua=0.1) hit 
above 50% at lower operating range. Figure 4.70 shows that the operating range is the widest 
for the C11 compressor setting, compared with the base case setting C33. The overall 
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efficiency for C11 is lower compared with C33, with similar value to the C31 case as shown in 
Figure 4.67. The difference is that C11 setting has a even wider operating range compared with 
the C31 setting. Figure 4.71 shows that the case with constant C55 and varying turbine settings 
has the smallest off-design power range, although the off-design efficiency is higher than the 
case with constant C11 and varying turbine settings. To sum up, the T5 setting has consistently 
the highest overall efficiency, followed by T3 and T1. C11 setting has the widest operating 
range, while C55 has the shortest. 
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Figure 4.67: Variations of system efficiency with off-design power for varying turbine 
settings T1/T3/T5 and constant compressor C31 (Design point Ua=0.25) 
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Efficiency VS Power (Ua,dp = 0.25) for varying turbine settings (T1,T3,T5), compressor 33
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Figure 4.68: Variations of system efficiency with off-design power for varying turbine 
settings T1/T3/T5 and constant compressor C33 (Design point Ua=0.25) 
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Figure 4.69: Variations of system efficiency with off-design power for varying turbine 
settings T1/T3/T5 and constant compressor C35 (Design point Ua=0.25) 
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Efficiency VS Power (Ua,dp = 0.25) for varying turbine settings (T1,T3,T5), compressor 11
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Figure 4.70: Variations of system efficiency with off-design power for varying turbine 
settings T1/T3/T5 and constant compressor C11 (Design point Ua=0.25) 
Efficiency VS Power (Ua,dp = 0.25) for varying turbine settings (T1,T3,T5), compressor 55
45
50
55
60
65
20 30 40 50 60 70 80 90 100
Power (% of design point)
Ef
fic
ie
nc
y 
(%
)
Ua_od=0.25
(NTUAC55T1)
Ua_od=0.20
(NTUAC55T1)
Ua_od=0.15
(NTUAC55T1)
Ua_od=0.10
(NTUAC55T1)
Ua_od=0.25
(NTUAC55T3)
Ua_od=0.20
(NTUAC55T3)
Ua_od=0.15
(NTUAC55T3)
Ua_od=0.10
(NTUAC55T3)
Ua_od=0.25
(NTUAC55T5)
Ua_od=0.20
(NTUAC55T5)
Ua_od=0.15
(NTUAC55T5)
Ua_od=0.10
(NTUAC55T5)
Speed decreasing
Ua decreasing
 
Figure 4.71: Variations of system efficiency with off-design power for varying turbine 
settings T1/T3/T5 and constant compressor C55 (Design point Ua=0.25) 
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4.10 Conclusion 
The recuperated SOFC-GT hybrid system has optimum efficiency when operating at 1273K, 4 
bar, 1250K of turbine entry temperature and fuel cell current density of 300mA/cm2. The power 
balance benefits to the fuel cell as it is the most energy efficient part of the system, with the 
power turbine producing only 26.9% of the total power.  
The off-design operation of the recuperated cycle is much better compared to a conventional 
gas turbine. The hybrid system has thermal efficiency of 59.7% at full load, increase to 62.5% 
when turbomachinery is running at 80% of design point shaft speed. Hence, the system is 
chosen for integrating into a yacht Auxiliary Power Unit. 
The operating range of the recuperated SOFC-gas turbine system using the base case NTUA 
C33 compressor and T3 turbine during normal operations is between 31% and 100% of the 
design point power output.  
The choice of compressor and turbine will lead to variations in operating range for off-design. 
This is due to varying compressor and turbine isentropic efficiencies with each component and 
across the range of operating power. The choices have only small effects on the range of power 
output and overall system efficiency at each constant air utilisation factor.  
The ambient condition change parametric study shows that for the NTUAC33 compressor at 
high ambient temperature (313K), the total specific power output is higher, and the efficiency is 
slightly lower, with TET at 1305K. The high TET has to be handled with care, as the 
temperature might exceed the maximum allowable temperature of the turbine due to material 
limits. 
A constant mass flow rate scenario will have the lowest off-design power at the lowest value of 
fuel cell current density of 100mA/cm2 (constrained by the data points in the V-i data from 
Siemens Westinghouse SOFC). For the constant air utilisation scenario, the lowest off-design 
power is at the 80% of the design point turbomachinery rotational speed, and with the lowest 
fuel cell current density value at about 200mA/cm2. 
Also, the operating range of the system is bounded by a safety range of air utilisation and fuel 
utilisation, to prevent carbon deposition and fuel cell oxidation. The effects of varying the two 
variables from design point values to the boundary values are determined. The changes in Ua is 
found to have great effect on the efficiency, total specific power, gas turbine power split than 
for Uf changes. The safety range is for Uf=0.85 (more or less fixed) and Ua ranging from 0.2 to 
0.4, although the sensitivity analysis covers a wider range.  
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For variable geometry turbomachinery, it is possible to vary the angles of compressor inlet 
guide vanes and diffuser, and the turbine nozzle guide vanes. It is found that the operating lines 
for all the cases in variable geometry are away from the surge line, so the system is safe. 
However, the ambient condition change results show that the operating point is closer to the 
surge line at higher ambient temperature. So, variable geometry settings could be modified and 
might be useful in maintaining stability of the system, especially when the system is running at 
higher temperature than the design point in tropical areas. 
Also, the compressor settings have a bigger effect on operating range and less on the 
compressor isentropic efficiency; while the turbine setting will lead more significant changes in 
the turbine isentropic efficiency; hence it is a major contributor to the changes in overall system 
efficiency.  
It can be seen that the maximum positive turbine nozzle guide vane angle setting (T5) has 
consistently lead to higher overall system efficiency regardless of the compressor settings. For 
example, the off-design turbine isentropic efficiency at lowest part load power is 0.882 for the 
maximum negative turbine nozzle guide vane angle setting (T1) setting and 0.926 for the T5 
setting, when the compressor angle setting is kept constant at both maximum negative inlet 
guide vane and diffuser angles (C11). This is compared with the design point turbine isentropic 
efficiency of 0.89. There is only a 0.5% point difference in minimum off-design power between 
T1 and T5 cases. For the overall system efficiency, there is a 1.5% point difference between T1 
and T5 at the lowest part load power, for the scenario with C11 fixed and air utilisation of 0.25.  
Compressor setting with both maximum negative inlet guide vane and diffuser angles (C11) 
leads to the widest off-design operating power range relative to design point. For example, at 
the design point air utilisation of 0.25, the minimum operating power can be widened to 58% of 
full load power when the most negative compressor inlet guide vane and diffuser angles setting 
(C11) is chosen. This is independent of the turbine setting. At air utilisation of 0.1, the 
minimum off-design operating power can be widened to 28% of full load power for C11 setting, 
compared with 31% of full load power for C33 setting. 
To conclude, the use of variable geometry compressor and power turbine in a recuperated 
SOFC-GT system can improve operating range, safety, efficiency, as long as it is operated in a 
safety range. 
 
 
 
  
163
Chapter 5 
Solid Oxide Fuel Cell/Gas Turbine Trigeneration System 
Integration and Optimisation for Marine Applications – 
Configuration and Sensitivity Analysis 
5.1 Introduction 
According to the latest United Nations International Maritime Organsiation report (MEPC 
59/INF.10), shipping contributed 3.3% of global carbon dioxide emissions in 2007, and is 
expected to increase by up to 250% by 2050 if remained business as usual. Moreover, due 
to the increasing regulations on using cleaner marine fuels to reduce sulphur oxides and 
nitrogen oxides along coast and at sea, ship owners are encouraged to seek ways to 
increase energy efficiency and reduce fuel consumptions onboard. One option is to replace 
some of the existing Diesel generators with a solid oxide fuel cell (SOFC). Due to the 
relatively new technology of the fuel cell, the long start-up and stopping time and limited 
load following capability, the fuel cell is only operated at a constant power output to meet 
base load demands, as an auxiliary power unit (APU). Small load fluctuations can be 
compensated by a gas turbine system. Additional load during the sea and manoeuvre 
modes can be provided by the conventional diesel generators. 
Trigeneration, also known as Combined Heating, Cooling and Power (CCHP), is a way of 
making the best use of the chemical energy of the fuel to generate electricity, with the heat 
from the exhaust being utilised by providing heating. At the same time, cooling can be 
produced from absorption or desiccant cooling, therefore reduce the consumption of 
electricity in a conventional air conditioning unit. Hence, the overall efficiency can be 
increased to close to 90%. In a yacht application, indoor air conditioning is essential for the 
comfort of the passengers. There is potential to recover and utilise the waste heat from the 
recuperated SOFC-GT system (shown in Chapters 3 and 4) to operate cooling devices. 
In this chapter, a number of novel SOFC-GT trigeneration systems are considered and 
compared with conventional heating ventilation and air conditioning (HVAC) systems, to 
determine the potential for energy savings by absorption and desiccant devices in 
providing cooling and dehumidification for marine applications. This chapter has been 
published as a paper in the peer-reviewed Journal of Power Sources (Tse et al. 2011), and 
the contents are largely similar to the paper. The trigeneration model and results in this 
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chapter are entirely the work of the author of the thesis, while the other co-authors of the 
journal paper contributed the following: Steven Wilkins, as a research associate, gave 
suggestions to improve and proof read the contents; Niall McGlashan checked the accuracy 
of the thermodynamic calculations; Bernhard Urban, the industrial collaborator from 
German shipbuilder Lürssen, provided the typical cruise ship base load power 
requirements, indoor/outdoor temperature and humidity conditions, and more useful 
contents in some cited references; Ricardo Martinez-Botas, the PhD project supervisor, 
gave many good  suggestions and proof read the paper.  
 
5.2 Hybrid Cycles Considered 
A SOFC-GT conventional HVAC system is compared with novel systems consisting of a 
combination of absorption chiller, desiccant wheel and conventional HVAC system. The 
following system configurations are considered. 
5.2.1 SOFC-GT + Conventional HVAC 
The SOFC-GT system and conventional HVAC system run independently of each other. 
The SOFC-GT system supplies electricity to run the air conditioning unit and fan. 
 
Figure 5.1: Schematic diagram for the Conventional HVAC system 
 
5.2.2 SOFC-GT + Absorption Chiller + HVAC 
In this configuration, the absorption chiller provides cooling for the mixed air via the CHP 
coil (between stations 3 and 4), but not enough for the air to reach the required absolute 
humidity. Hence, a conventional direct expansion (DX) coil is used to cool the air further 
to condense water at saturation.  
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Figure 5.2: Schematic diagram for the SOFC-GT-Absorption Chiller-HVAC system 
 
5.2.3 SOFC-GT + Desiccant Wheel + HVAC 
This configuration uses a desiccant wheel to dry mixed air to reach the required absolute 
humidity. The air temperature is increased, and therefore needs to be cooled down, which 
is achieved using a direct expansion (DX) coil. 
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Figure 5.3: Schematic diagram for the SOFC-GT-Desiccant Wheel-HVAC system 
 
5.2.4 SOFC-GT + Absorption Chiller + Desiccant Wheel + HVAC 
This configuration is similar to the previous one. The only advantage is that air cooling 
after the desiccant wheel is partly achieved by using chilled water from the absorption 
chiller entering the CHP Coil. Any additional cooling required is supplied by the 
conventional direct expansion (DX) coil.  
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Figure 5.4: Schematic diagram for the SOFC-GT-Absorption Chiller-Desiccant 
Wheel-HVAC system 
5.3 Thermodynamic Modelling 
5.3.1 SOFC-GT 
As explained in Chapter 3 and 4, the recuperated hybrid SOFC-GT system stabilises SOFC 
operation and increases thermal efficiency. The recuperated hybrid cycle diagram and 
station numbers are shown in Figure 5.5. 
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Figure 5.5: Schematic diagram of the recuperated SOFC-GT cycle (Galinaud 2004) 
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Based on the system configuration modelling results in Chapter 4 Section 4.3, the 
following steady-state design point conditions are chosen for the hybrid cycle, by 
optimising specific power output and system thermal efficiency:  
• Pressure ratio = 4  
• Turbine inlet temperature = 1250K  
• Fuel cell current density = 300 mA/cm2 
A SOFC-GT model was formulated on the conservation of mass and energy at equilibrium. 
As shown in Fig. 5.6, the model incorporates the Siemens-Westinghouse fuel cell design 
which utilises the fuel cell stack heat to both aid the internal reforming process and to 
preheat the incoming air, as well as anodic recirculation. Q1, Q2, and Q3 refer to the 
internal heat exchanges.  
 
 
Figure 5.6: Schematic diagram of the SOFC system model (Pangelis 2002) 
As explained in Chapter 3 and 4, the fuel cell operates at 1273K, and total power density 
from the SOFC-GT system (after taking into account of parasitic power) is 602.5kJ/kg. 
Methane is supplied as fuel and internal reforming occurs within the fuel cell system. For a 
250kW SOFC-GT system, the air flow rate into the fuel cell is 0.415kg/s. When fuel flow 
is taken into account, the total flow rate of the exhaust stream from the SOFC-GT is 
0.423kg/s. 
Haseli et al. (2008) used the same recuperated SOFC-GT system as the one shown in this 
PhD thesis document as a baseline case, to compare and carry out exergy analysis. The 
paper provides detailed information regarding the SOFC-GT system operating parameters 
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and performance results. The only difference is that the power turbine is removed for the 
system configuration described in this case. 
The scope of the research only covers the fuel entering into the SOFC system. As 
explained in the literature review section concerning the choice of fuel, Liquefied 
Petroleum Gas (LPG) is the most likely near-term choice of fuel, with Liquefied Natural 
Gas (LNG) and diesel as long-term fuel choices. All the fuels can be reformed to methane 
before feeding into the fuel cell system for internal reforming. 
5.3.2 HVAC System [Roof Top Unit (RTU)] 
A schematic diagram of a conventional electrically driven vapour compression HVAC 
system or Roof Top Unit (RTU) can be found in Figure 5.1. In operation, the outdoor air 
[station 1] mixes with return air [station 2] in the ratio of 1 to 4. The mixed air [station 3] is 
then cooled down by the direct expansion (DX) coil.  In the DX coil, the air is cooled until 
it reaches 100% of relative humidity. Water condenses with the temperature dropping until 
it reaches the required absolute humidity [Station 4]. The reheating warms the air back to 
the required air temperature. The cooled and dried air then enters the indoor space [Station 
5]. A fan is required to increases the pressure of the air and promote air flow. 
Çengel and Boles (2002) shows that the Coefficient of Performance (COP) of a typical 
HVAC unit is 2.3-3.5. Nayak et al. (2009) tested a real HVAC unit in a building with a 
COP value of 3.5. Hence, COP=3.5 is chosen for the DX coil in the conventional HVAC 
unit for the model described in this chapter. 
Control Volume Equations 
The system can be split into a number of control volumes, with mass continuity equations 
(MCE) and steady flow energy equations (SFEE) to be solved. 
HVAC: 
Mixer: 
 
 
Figure 5.7: Control Volume of the Mixer 
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MCE: vMAaMAvRAvOAaRAaOA mmmmmm &&&&&& +=+++      (5.1) 
where vMAaMAvRAvOAaRAaOA mmmmmm &&&&&& ,,,,,  are respectively the mass flow rates of air 
component in outdoor air, air component in re-circulated air, water vapour component in 
outdoor air, water vapour component in re-circulated air, dry air component in mixed air, 
water vapour component in mixed air. 
 
SFEE: RAaRAOAaOAMAaMA hmhmhm &&& +=        (5.2) 
where RAOAMA hhh ,,  are respectively enthalpies of the mixed air, outdoor air and re-
circulated air. 
Direct Expansion Coil (DX): 
 
 
 
Figure 5.8: Control Volume of the Direct Expansion Coil 
MCE: vCAaCAconvMAaMA mmmmm &&&&& ++=+       (5.3) 
where aMAm& , vMAm& , conm& , aCAm&  and vCAm& are respectively the mass flow rates of dry air 
component in mixed air, water vapour component in mixed air, condensate, dry air 
component in cooled air and water vapour component in cooled air.  
SFEE: MAaMACAaCAconconDX hmhmhmQ &&&& −+=−      (5.4) 
where DXQ&  is the heat power removed by the Direct Expansion Coil; CAh is the enthalpy of 
the cooled air; MAh is the enthalpy of the mixed air; conh  is the enthalpy of condensation 
based on TCA.  
TCA is the cooled air temperature after the cooling and dehumidification processes, in order 
to reach the relative humidity level required by the ship indoor environment, before the 
reheating process. It is at 1 atmospheric pressure, obtained from the subcooled liquid steam 
tables. Note that the sensible heat is taken into consideration in the Steady Flow Energy 
Equation (Equation 5.4). 
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Fan and (Variable Air Valve with) Reheater (RH): 
 
 
 
Figure 5.9: Control Volume of the Fan and Variable Air Valve with Reheater 
MCE: vSAaSAvCAaCA mmmm &&&& +=+        (5.5) 
where  aSAm&  and vSAm& are respectively the mass flow rates of dry air component in supply 
air for the room, water vapour component in supply air for the room. 
SFEE: CAaCASAaSAFANRH hmhmWQ &&&& −=+       (5.6) 
where RHQ& , FANW& , SAh and CAh are respectively the heat power from the reheater, work 
power by the fan, enthalpy of the supply air and enthalpy of the cooled air. 
Room: 
 
 
 
 
Figure 5.10: Control Volume of the Room 
MCE: vRAaRAvEAaEAvPvSAaSA mmmmmmm &&&&&&& +++=++      (5.7) 
where  aSAm& , vSAm& , vPm& , aEAm& , vEAm& , aRAm& , vRAm& are respectively the mass flow rates of 
dry air component in supply air, water vapour component in supply air, water vapour from 
the sweat of people inside the room, dry air component in exhaust air, water vapour 
component in exhaust air, dry air component in re-circulated air, water vapour component 
in re-circulated air. 
SFEE: SAaSAvPvPRAaRAEAaEAGEN hmhmhmhmQ &&&&& −−+=     (5.8) 
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where EAh , RAh , vPh , SAh  are respectively the enthalpies of the exhaust air, re-circulated air, 
water vapour from sweat of people inside the room, supply air; GENQ&  is the net total heat 
power generated by people at indoor and the Net Electric Power usage. (This could be 
considered as W& .)  
5.3.3 Absorption Chiller 
An absorption chiller is a device that uses heat energy for cooling instead of a mechanical 
compressor that consumes electrical energy. A schematic diagram of a standard single 
stage chiller system is shown as part of Figure 5.11. Waste heat from the SOFC-GT system 
exhaust stream is used to drive the chiller; heat is transferred to the generator (Qgen) and 
used to produce chilled water to cool air at the CHP coil of the HVAC (QL).  
Assumptions: ideal heat transfer between working fluids, no external heat losses.  
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Figure 5.11: Schematic diagram for Absorption Chiller (dotted) linked to the SOFC-
GT system  
A number of different chiller configurations are considered in this chapter. These 
configurations are presented below: 
Single Effect Absorption Chillers 
• NH3-H2O system requires:  
o Generator temperature in 125-170°C range with air-cooled absorber and 80-
120°C with water-cooled absorber. 
o COP: 0.6-0.7 
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• LiBr-H2O system requires:  
o Water to be used as coolant in the absorber and condenser to avoid LiBr 
coolant crystallization. However, Liao et al. (2007) shows that air can be 
used as coolant while avoiding crystallization, by chilled water temperature 
control and exhaust temperature control. 
o Has a COP higher than the NH3-H2O system.  
o COP: 0.6-0.8 
o Disadvantage: evaporator is unable to operate at temperatures much below 
2°C since the refrigerant is water vapour. 
• Single effect absorption chiller mainly used for building cooling load, where chilled 
water is required at 6-7°C. 
• Single effect chillers can operate with hot water temperature ranging from about 80 
to 150°C when water is pressurised. 
• A single stage exhaust chiller can utilise the exhaust stream between 260 and 360ºC, 
with design temperature at 300ºC, cooling water inlet temperature of 30ºC, chilled 
water outlet temperature of 7ºC. The COP of the chiller for an exhaust temperature 
of 260ºC, ranges from 0.779 to 0.782. This is for cooling water between 24 and 
30°C; and chilled water between 6.75 and 11.8°C (Broad Central Air Conditioning 
Absorption Chiller Model Selection and Design Manual 2008).  
• The performance graph in the manual shows that it is possible to achieve air 
temperature as low as 5ºC, although the COP and hence cooling capacity will vary 
from the optimum design. Note: The minimum temperature that the ventilation air 
can reach depends on the chilled water temperature provided by the cooler.  
• When the linear relationship between the exhaust consumption rate and the 
absorption cooling capacity from data in the design manual is extrapolated to the 
250kW SOFC-GT exhaust flow rate of 0.423 kg/s or 1524 kg/h, the corresponding 
absorption chiller cooling capacity is 62.4kW.  This is to compare with 72.5kW of 
cooling capacity based on interpolation of the single effect absorption chiller used in 
Saito et al. (2007). The two results are comparable. 
  
174
• Since the SOFC-GT system exhaust temperature is lower than the design 
temperature, the cooling capacity is reduced. 
Double Effect Absorption Chillers: 
• Have two stages of generation to separate the refrigerant from the absorbent. 
• Temperature range of the heat source needed to drive the high-stage generator: 155-
205°C 
• COP: Approximately 0.9-1.2 
• The BROAD company does not manufacture a double effect absorption chiller 
capable of utilising exhaust with temperature at around 200-300ºC. Due to this lack 
of information, the performance data of Saito et al. (2007) is used for determining 
the cooling effect available from a double effect absorption chiller, since the single 
effect absorption chiller results are comparable. 
Triple Effect Absorption Chillers: 
• COP=1.3-1.7 (Suzuki et al. 2005) 
• Advantages: Higher COP compared with single and double effect absorption chiller. 
A higher temperature heat source can be used (Mori et al. 2003). 
• Disadvantages: Operating pressure and temperature are higher compared with single 
and double effect absorption chiller. More expensive material is required for 
pressure vessels and to prevent corrosion due to lithium bromide coolant at higher 
temperature. Also, with more condensers and absorbers, the system is more complex 
and has higher maintenance cost (Mori et al. 2003). 
 
Control Volume Equations 
 
 
 
 
Figure 5.12: Control Volume of the Absorption Chiller 
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MCE: None 
SFEE: LgencoolH QQQQ &&&& +=+         (5.9) 
where HQ& , coolQ& , genQ& , LQ&  are respectively the heat power of the condenser, absorber, 
generator (heat source), evaporator. 
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where inpumpW ,&  is the pump power input; LT , 0T , and sT are respectively the temperature of 
the refrigerated space, the environment and the heat source; revth ,η  is the reversible thermal 
efficiency of the refrigeration system; absorptionrevCOP ,  is the overall COP of an absorption 
refrigeration system under reversible conditions. 
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Where W& is the work output of the heat engine supplied to the Carnot refrigerator to 
remove heat from the refrigerated space. 
5.3.4 Desiccant Wheel 
A desiccant wheel contains silica gel to adsorb moisture from fresh outdoor air. The 
dehumidified and warmed air is then entered into a refrigeration plant for cooling.  
The wheel is then rotated to the other side where heat from the hot stream from the fuel 
cell system (i.e. post-recuperator), is used to warm up the silica gel, releasing the water in 
to the exhaust stream. The silica gel is reactivated by this means.  
One example of a desiccant wheel is manufactured by Novel Aire Technologies: It allows 
high temperature media for use with maximum regenerating temperature of 350°F 
(176.7°C).  
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Two types of desiccant are available:  
• Silica gel: It is used when inlet relative humidity is high (>60%), and when 
efficient removal of moisture is required.  
• Molecular sieve: It is used when inlet relative humidity is low (<50%), and when 
low dew points are required.  
The regeneration area for dehumidifying moisture normally takes up a quarter (with the 
maximum of half) of the total desiccant wheel area, while the mixed stream will go passed 
the rest of the area.   
In this application, the silica gel model is applied. Also, the volumetric flow rate of the fuel 
cell exhaust stream must match the HVAC flow rate. Due to relative low flow rate of the 
fuel cell hybrid system exhaust stream compared to the HVAC flow rate, the only way to 
make it work is to choose 3 HVAC units for the ship (less than the typical 7 HVAC units), 
with 1/11 of the wheel area for the dehumidification of outdoor air and 10/11 for the 
reactivation of silica gel.  
An alternative, novel one-rotor, two-stage rotary desiccant cooling system is described in 
Ge et al. (2008). 
The advantage of desiccant wheel is that it is reasonably compact and will fit well into a 
ship with limited physical space. It is lighter and simpler compared to an absorption chiller. 
However, the fact that it has moving parts means that this needs to be maintained.  
A desiccant wheel increases the temperature of the outdoor air after dehumification via 
regeneration. To reduce the temperature, the air is passed through a heat exchanger (Ge et 
al. 2008) or an enthalpy wheel (Kanoğlu et al. 2004), and afterwards evaporative coolers 
(Zadpoor et al. 2006) or vapour compression refrigeration chillers (Liu et al. 2007) to 
remove the heat. An enthalpy wheel is similar to a desiccant wheel but without the silica 
gel to absorb moisture, and acts more like a heat exchanger. 
The desiccant wheel has the advantage of utilising extra heat from the exhaust for 
dehumidifying the humid outdoor air. However, the downside is that extra energy is 
needed to cool down the mixed air.  
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Figure 5.13: Principle of desiccant wheel (Pundt 2006) 
Control Volume Equations 
Assumption: Adiabatic heat transfer [constant enthalpy process]. 
 
 
 
 
Figure 5.14: Control Volume of the Desiccant Wheel 
MCE: 2211 fTaTfBaB mmmm &&&& +++  1122 fTaTfBaB mmmm &&&& +++=    (5.13) 
where 11222211 ,,,,,,, fTaTfBaBfTaTfBaB mmmmmmmm &&&&&&&&  are respectively the mass flow rates of 
air component of fresh air, water vapour component of fresh air, air component of hot air 
from fuel cell, water vapour component of hot air from fuel cell, air component of 
dehumidified air, water vapour component of dehumidified air, air component of 
humidified exhaust air, water vapour component of humidified exhaust air. 
SFEE: 
22221111 fTfTaTaTfBfBaBaB hmhmhmhm &&&& +++  
11112222 fTfTaTaTfBfBaBaB hmhmhmhm &&&& +++=        (5.14) 
where 11222211 ,,,,,,, fTaTfBaBfTaTfBaB hhhhhhhh are respectively the enthalpies of air 
component of fresh air, water vapour component of fresh air, air component of hot air from 
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fuel cell, water vapour component of hot air from fuel cell, air component of dehumidified 
air, water vapour component of dehumidified air, air component of humidified exhaust air, 
water vapour component of humidified exhaust air. 
5.3.5 Power Split between Diesel Engine and SOFC-GT Hybrid System 
It is mentioned earlier that the SOFC-GT hybrid system is an APU. In this model, it is 
assumed that the based load is at 250kW and is total provided by the APU. This accounts 
for a quarter of the total peak power required by the ship. The rest of the 750kW energy 
(mainly for propulsion) is supplied by the conventional Diesel engine. The peak energy for 
the ship is 1MW. 
5.4 Computational Implementation 
The HVAC calculations are done by solving mass continuity and the steady flow energy 
equations with the help of the psychrometric diagrams calculation software: Get Psyched. 
(kW Engineering) 
The absorption chiller calculations are based on the Saito et al. (2007) model for 
determining the amount of cooling that the absorption chiller can provide, relative to the 
electric power that the SOFC-GT system that can provide To verify the calculation, the 
single effect exhaust absorption chiller performance data provided by the manufacturer 
BROAD is used to simulate the cooling available. 
For sizing purposes, the desiccant wheel calculations are performed using a simulation 
program software provided by the desiccant wheel manufacturer, Novel Aire Technologies. 
The efficiency calculation for each scenario is dependent on the components. The equation 
for cases with desiccant wheel and exhaust gas driven double effect absorption heat pump 
are based on modified efficiency equations found in Nayak et al. (2009) and Fu et al. 
(2009).  
The overall system efficiency is: 
CHP
Net Electric Power TotalWasteHeatUtilised
Methane fuel input
η +=
     (5.15) 
where Net Electric Power is the amount of electrical power available to the ship after 
taking into account of power required to operate the HVAC unit; fan and reheater; 
absorption chiller, and/or desiccant wheel. Total Waste Heat Utilised is the amount of 
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waste heat from the SOFC-GT system exhaust utilised in an absorption chiller and/or a 
desiccant wheel within the system. 
5.5 Results and Discussion 
5.5.1 Ship Scenarios 
According to the ship manufacturer Lürssen, ships are designed to operate smoothly at a 
relative humidity of 70% at a temperature of 35ºC, with the worst case scenario of 100% 
relative humidity and a temperature of 45ºC. The indoor environment is modelled to be 
with less demanding humidity, therefore the dew point temperature at which the required 
absolute humidity is reached will not be too low. Hence, the reheating energy required to 
raise the indoor temperature from dew point temperature to the required 20ºC is minor, 
compared to the electric cooling and dehumidifying. Data from two additional real life 
Lürssen ships are available to compare and contrast the performance results.  The indoor 
and outdoor conditions of the three scenarios are summarised in Table 5.1. 
Table 5.1: Indoor and outdoor conditions of 3 ships scenarios 
 Worst Case  Ship 1  Ship 2 
Outdoor humidity (%) 100 70 85 
Outdoor temp (ºC) 45 38 35 
Sea temp (ºC) 41 34 32 
Indoor humidity (%) 80 50 55 
Indoor temp(ºC) 20 21 21 
 
It is also assumed that for a SOFC-GT system producing 250kW electric power, any 
electrical energy left after HVAC cooling, reheating is used for electrical appliances and 
lighting. The same amount of energy will eventually become heat, which needs to be 
removed from the indoor environment. Due to the difference in temperature and humidity 
between the indoor and outdoor environments, calculations from mass continuity and 
steady flow energy equations shows that heat exceeding 250kW needs to be removed for 
the SOFC-GT-conventional HVAC system. If a desiccant wheel is in the air conditioning 
system, more heat will be produced, further increasing the heat load of the system. 
  
180
As an example, a yacht with 7 conventional HVAC air conditioning units manufactured by 
the company ALKO-THERM is used. Each unit has an air volumetric flow rate of 
6419m3/h. The mixed air consists of 80% return air and 20% outdoor air.  
5.5.2 System Configurations 
For each ship, it is possible to use a combination of a conventional HVAC unit and/or 
(single or double) absorption chiller. In each case, the psychrometric diagram will be 
different.  To explain how the psychrometric chart varies in different cases, Ship 1 is 
chosen as a realistic example in the psychrometric diagrams shown in the coming sub-
sections.  
5.5.3 SOFC-GT + Conventional HVAC 
Figure 5.1 shows the schematic diagram of this system configuration. The shape of the 
graph of the psychrometric diagram of the air conditioning process is very similar to that of 
the case with absorption chiller, as shown in Figure 5.15. The difference is that there is no 
station 4, which represents that point at which the temperature of the mixed air is reduced 
to, after being cooled down by the absorption chiller. The required indoor conditions are 
shown at station 6. In order to reach these conditions, mixed air at station 3 must be cooled 
down until it reaches 100% saturation curve (the leftmost curve). Condensation starts to 
occur and the temperature keeps dropping until the required absolute humidity is reached 
(at station 5). The air is then heated up by a heater to reach the target conditions. 
5.5.4 SOFC-GT + Absorption Chiller + HVAC 
Figure 5.2 shows the schematic diagram of a SOFC-GT-Absorption Chiller-HVAC system. 
According to Saito et al. (2007), a 30kW SOFC-GT system (26.2kW SOFC, 3.8kW GT) 
produces power at 60% efficiency and delivers a downstream temperature of 290ºC to the 
recuperator. By feeding the gas stream into the absorption chiller, 8.7kW of cooling 
capacity can be provided by a single-effect absorption chiller, with a COP of 0.7 and 
exhaust gas temperature of 104ºC. If a double effect absorption chiller is used, 14.3kW of 
cooling capacity can be provided, with COP of 1.12 and exhaust gas temperature of 97ºC.  
The Saito et al. (2007) case operates at similar conditions to the model described here, i.e. 
the fuel cell current density is at 300mA/cm2 and fuel utilization is 85% in both cases. The 
only difference is the operation temperature. The fuel cell is designed to operate at 1000ºC, 
with a TET of 977ºC (1250K). In the case of Saito et al. (2007), both the cell and turbine 
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inlet temperatures are 900ºC. The fluid temperature is 290ºC for Saito and 212ºC for our 
case. 
In Saito et al. (2007), for a SOFC-GT system producing 30kW of electric power, a single 
effect absorption chiller of COP of 0.7 can provide 8.7kW of cooling capacity. When a 
double effect absorption chiller with COP of 1.12 is integrated to the SOFC-GT system, 
14.3kW of cooling capacity can be provided.  
Assuming that the absorption chiller has the same proportional cooling capacity 
performance for the 250kW SOFC-GT system, a double effect absorption chiller can 
provide 119.2kW of cooling, while 72.5kW of cooling is available from a single effect 
absorption chiller. 
To double check the absorption chiller cooling effect assumption based on Saito et al. 
(2007), the performance of an off-the-shelf absorption chiller produced by BROAD, a 
Chinese manufacturer, has been used to compare the values.   
The cooling water temperature is equivalent to the sea water temperature in this case. As a 
general rule of thumb, the sea temperature is on average 3-4ºC lower than the air (dry bulb) 
temperature. 
Single Effect Absorption Chiller 
Figure 5.15 shows a psychrometric chart of the air conditioning process with a single effect 
absorption chiller. It shows that the mixed air is cooled by the absorption chiller from 
station 3 to 4. From station 4 to 5, the air is cooled and water vapour is condensed at 
saturation using DX coil at the HVAC. 
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Psychrometric Chart for 7 ALKO 1Ab Ship 1 (38C, 70% to 21C, 50%; 63kW heat removed)
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Figure 5.15: Psychrometric chart of SOFC-GT-Single Effect BROAD Absorption 
chiller system (with 7 HVAC units) for Ship 1, with 63kW heat removed 
Double Effect Absorption Chiller 
Figure 5.16 shows a psychrometric chart of the air conditioning process with a double 
effect absorption chiller. The shape of the air conditioning process plot is the same as that 
with the single effect absorption chiller. The only difference is that the position of station 4 
is further away from station 3. This is because more cooling is available for a double effect 
absorption chiller, and the temperature drop is much more. 
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Psychrometric Chart for 7 ALKO 2Ab Ship 1 (38C, 70% to 21C, 50%; 74kW heat removed)
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Figure 5.16: Psychrometric chart of SOFC-GT-Double Effect Absorption chiller 
system (with 7 HVAC units) for Ship 1, with 74kW heat removed 
5.5.5 SOFC-GT +Desiccant Wheel + HVAC 
The desiccant wheel removes moisture and increases dry bulb temperature, so the air needs 
to be cooled down by either a RTU and/or an absorption chiller. A maximum temperature 
of 175ºC is allowed for the desiccant wheel, so the exhaust stream from the fuel cell 
(212ºC) needs to be cooled down.  
Note that the flow rate of exhaust from the SOFC-GT system is much less compared to the 
HVAC air flow rate. In order for the desiccant wheel to work, the flow rates between the 
ventilation air and the exhaust air must be matched.  
For Ship 1 using ALKO-THERM HVAC units with air flow rate of 6419 m3/h each, three 
units produces 19257 m3/h. Although a desiccant wheel generally has a minimum area of a 
quarter for regeneration, i.e. passing hot SOFC-GT exhaust through the wheel area to 
remove moisture from the process stream (mixed ventilation air), the simulation software 
can model a minimum regeneration to process areas ratio of 0.1. With the fuel cell exhaust 
flow rate at 0.426kg/s. At 175ºC, the exhaust volume flow rate is 1935m3/h and this can be 
simulated using the desiccant software. 
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Assuming that the temperature is reduced to 175ºC, results from the Novel Aire 
Technologies’ desiccant wheel simulation software (NovelAire Technologies Desiccant 
Dehumidification Wheel brochure 2004) shows that with an air flow rate of 19257m3/h (3 
conventional air conditioning unit) and a regeneration air to process air ratios of 0.1, a 
desiccant wheel with diameter of 1525mm and width of 200mm can only reduce the 
absolute humidity from 0.01208kg water/kg dry air to 0.01061kg water/kg dry air, with dry 
bulb temperature at 58.5°C. Further, a specific humidity of 0.00773kg/kg needs to be 
reached in order to achieve 21ºC of air temperature at a relative humidity of 50%.  
The process sensible heat gain is 68.1kW. After heat extraction, the exhaust temperature is 
69.3 ºC. 
This wheel diameter is found to be the one that can dehumidify the most of the water from 
the incoming air. This means that the desiccant wheel cannot remove enough moisture 
from the outdoor air. Even if the air is cooled down by the HVAC, it needs to be cooled to 
condense more water before being reheated.  
The advantage of using a desiccant wheel is that the waste heat from the SOFC-GT-
exhaust can be utilised for drying at the desiccant wheel. The drawback is that the 
temperature of the dried mixed air is much higher. This means that more electricity is 
needed to cool down the air using the HVAC system, hence much less net electrical is left 
for running the ship lighting and electrical appliances. 
This case shows that it is not sensible to use waste heat to dry air [using 0.034kWe to 
utilise 68.1kW heat], only to spend extra electric energy for cooling, reducing the electric 
energy available. This needs to be compared with the net electric power available, and the 
use of energy for cooling and reheating the single/double effect absorption chiller.  
Figure 5.17 shows that the air is dehumidified and heated from station 3 to 4. It is then 
cooled down from 58.5°C at station 4 down to 14.9°C, where 100% relative humidity is 
reached and water condenses. When the absolute humidity reaches 0.00773 kg/kg at 
10.2ºC (station 5), it is then reheated to reach 21ºC at 50% relative humidity (station 6). A 
large reduction of specific enthalpy is required in the cooling process (from station 4 to 5).  
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Psychrometric Chart for 3 ALKO De Ship 1 (38C, 70% to 21C, 50%; 130kW heat removed)
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Figure 5.17: Psychrometric diagram for the SOFC-GT-Desiccant Wheel system (with 
3 HVAC units) for Ship 1, with 130kW heat removed 
5.5.6 SOFC-GT + Absorption Chiller + Desiccant Wheel + HVAC 
Single Effect Absorption Chiller 
If a single effect absorption chiller is used in the system, the temperature of the stream 
leaving the absorption chiller is 104ºC. This stream then enters a desiccant wheel for 
drying the incoming air (mixed with return air). Due to the relatively low temperature of 
the gas stream, it is calculated that a desiccant wheel with an optimal diameter of 1525mm 
and width of 200mm can only reduce the absolute humidity of the mixed air very slightly. 
The psychrometric diagram for this system configuration is shown in Figure 5.18.  
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Psychrometric Chart for 3 ALKO 1 Ab De Ship 1 (38C, 70% to 21C, 50%; 147kW heat removed)
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Figure 5.18: Psychrometric diagram for the SOFC-GT-Single Effect Absorption 
Chiller-Desiccant Wheel system (with 3 HVAC units) for Ship 1, with 147 kW heat 
removed 
Double Effect Absorption Chiller 
If a double effect absorption chiller is used in the system, more heat energy is consumed in 
the air cooling process at the CHP coil than that in a single effect absorption chiller. Hence, 
the temperature of the stream leaving the absorption chiller is only 97ºC. This stream then 
enters a desiccant wheel for drying the incoming air (mixed with return air). Similar to the 
Single Effect Absorption Chiller scenario, it is found that a desiccant wheel with an 
optimal diameter of 1525mm and width of 200mm can only reduce the absolute humidity 
of the mixed air by a very small amount. The psychrometric diagram for this system 
configuration is shown in Figure 5.19. 
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Psychrometric Chart for 3 ALKO 2AbDe Ship 1 (38C, 70% to 21C, 50%; 159kW heat removed)
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Figure 5.19: Psychrometric diagram for the SOFC-GT-Double Effect Absorption 
Chiller-Desiccant Wheel system (with 3 HVAC units) for Ship 1, with 159kW heat 
removed 
Figure 5.19 shows that the desiccant wheel only manages to reduce moisture very gently, 
due to the low temperature of exhaust air after passing through the double effect absorption 
chiller. Hence, it is a good idea to have a system configuration without any desiccant wheel 
for the shipping application described in this chapter.  
5.5.7 Comparison of Different Configurations 
For configuration analysis to compare systems with desiccant wheel and/or absorption 
chiller, it is found that:  The HVAC air flow rate for a 50m long ship is too high compared 
to the exhaust gas flow rate from the SOFC-GT system. Even when the number of HVAC 
units is reduced from the typical 7 to 3, the ratio of HVAC air to exhaust is 10:1, instead of 
the minimum 3:1. Hence the desiccant wheel is not appropriate for this particular shipping 
application, and therefore not covered in the comparisons in the following sections.  
The results from Table 5.2 shows that the overall efficiency of the Double Effect 
Absorption Chiller-Desiccant Wheel-HVAC system has a higher efficiency (68.1%) than 
that of the Double Effect Absorption Chiller-HVAC system (64.0%) due to more exhaust 
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heat being utilised. However, the temperature increase after the ventilation air passes 
through the desiccant wheel. This means that more electricity is needed at the HVAC to 
cool down air, hence the net electrical power available for the ship is slightly less.  
Table 5.2: Performance comparison of scenarios with Desiccant Wheels (and/or 
absorption chillers) for Ship 1 with 3 ALKO-THERM HVAC units 
Caption: De, 1Ab, 2Ab in the table heading means respectively Desiccant Wheel, 
Single Effect Absorption Chiller, Double Effect Absorption Chiller   
 De 1AbDe 2AbDe 2Ab 
Net electric power available for ship (kW) 130 147 159 161 
Total indoor heat removal (kW) 249.5 244.9 251.8 241.7 
Absorption cooling effect (kW)  0 62.4 119.2 119.2 
Absorption chiller exhaust heat use (kW) 0 89.1 106.4 106.4 
Desiccant wheel exhaust heat use (kW) 68.14 24.83 19.78 0 
HVAC Electric power with COP=3.5 (kW) 71.29 52.14 37.88 35.01 
Absorption Chiller Electric power (kW) 0 2.5 5 5 
Desiccant Wheel Electric power (kW) 0.034 0.034 0.034 0 
Overall system efficiency (%) 47.4 62.3 68.1 64.0 
 
In the following diagrams (Figures 5.20-5.25), the scenarios will be symbolised using the 
alphabets as shown in Table 5.3. 
Table 5.3: System configuration scenarios with absorption chillers 
Scenario Absorption Chiller HVAC unit number Returning to fresh air ratio
a No 7 80:20 
b Saito single 7 80:20 
c BROAD single 7 80:20 
d Saito double 7 80:20 
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For configuration analysis with absorption chiller only, Scenarios a, b, c, d are compared 
and contrasted. 
5.5.8 Heat Energy Removed from the Indoor Environment 
Figures 5.20, 5.21 and 5.22 show the total heat energy that must be removed from the 
indoor environment for different system configurations in the worst case, Ship 1 and Ship 
2 respectively. The light colour section represents the amount of heat removed by 
absorption chiller. 
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Figure 5.20: Comparison of Total Heat Energy Removal Required in Various 
Configurations for Worst Case 
Caption: a – No Absorption Chiller, b – Saito Single Effect Absorption Chiller, c – 
BROAD Single Effect Absorption Chiller, d – Saito Double Effect Absorption Chiller 
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Variations of Total Heat Removal with System Configurations for Outdoor 70% 38C Indoor 50% 21C
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Figure 5.21: Comparison of Total Heat Energy Removal Required in Various 
Configurations for Ship 1 
Variations of Total Heat Removal with System Configurations for Outdoor 85% 35C Indoor 55% 21C
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Figure 5.22: Comparison of Total Heat Energy Removal Required in Various 
Configurations for Ship 2 
In all the three ship scenarios, case a is the amount of energy needed to remove from the 
ship indoor environment, in order to achieve the required indoor temperature and humidity. 
It is affected by both the outdoor and indoor temperature and humidity. 
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Figures 5.20, 5.21 and 5.22 show that the worst case requires the removal of 420kW 
compared with 305kW and 295kW respectively for Ship 1 and 2. This is due to the fact 
that the outdoor temperature and relative humidity for the worst case are much higher (at 
45°C and 100%), compared with Ship 1 (at 38°C and 70%) and Ship 2 (35°C and 85%), as 
listed in Table 1. At the same time, the worst case requires less condensation to reach 80% 
of relative humidity. Ship 1 requires slightly more heat energy to be removed compared 
with Ship 2, because more heat energy is needed to be removed to condensate water to 
reach the required 50% indoor relative humidity, compared to the 55% required by Ship 1. 
Cases b and c compare the heat removed by the absorption chiller using calculated result 
from Saito et al. (2007) and real performance result given at the company literature of the 
absorption chiller manufacturer BROAD. The two results are similar. This means that the 
BROAD testing result has verify the accuracy of the Saito et al. (2007) model. Since 
BROAD hasn’t got any double effect data sheet, the fact that the Saito single effect 
absorption chiller model result is shown to be reliable adds confidence to the Saito double 
effect absorption chiller model results, which are shown in case d in Figures 20, 21 and 22. 
The results shown that the double effect absorption chiller can remove 27, 38 and 40% of 
the total amount of heat required, for worst case, Ship 1 and 2 respectively. Hence, 
absorption chiller can save electricity required by conventional HVAC cooling. 
 
5.5.9 Net electricity available in difference scenarios relative to SOFC-GT-
Conventional HVAC case 
Table 5.4 shows that the worst case, net electrical power available for conventional system 
configuration (with 7 HVAC units) in Ships 1 and 2 are, respectively: 91.9kW, 50.5kW, 
67.5kW. If a double effect absorption chiller is chosen, the increases in power are, 
respectively; 25.7%, 46.8% and 35.0% (relative to the conventional case in each ship).   
It is shown that for Ship 1 and 2, the air is cooled down to a low temperature to remove 
moisture, and then a large amount of heat is used to reheat the air to the required 
temperature again. If electric heating is used, most of the energy provided by the SOFC-
GT system will be consumed. One way to tackle the waste of energy could be to extract the 
internal heat via heat exchangers. 
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Table 5.4: Net electric power of various system configurations with 7 HVAC units for 
three different ships 
 Net electrical power available to 
the ship (kW) 
System configurations Worse case Ship 1 Ship 2 
Conventional SOFC-GT-HVAC 91.9  50.5 67.5 
CCHP with Saito Single Effect Absorption Chiller 106.7 65.3 82.3 
CCHP with BROAD Single Effect Absorption 
Chiller 
104.8 63.4 80.5 
CCHP with Saito Double Effect Absorption Chiller 115.5 74.1 91.1 
  
5.5.10 System Control Volume Energy Balance  
It is useful to show the power split between parasitic losses and net electrical power 
available for base load. This is done to ensure energy is conserved at a system level. This 
also helps verify the amount of heat that must be removed from the indoor environment 
due to hotel load (HVAC air conditioning system, lighting, electrical appliances).  
The recuperated SOFC-GT system produces 250kW of electric power for supplying base 
load electrical demand (excluding propulsion) for the ship. However, not all of the electric 
power is used for lighting, music, entertainment and computers. Part of the energy is used 
for cooling, dehumidification and reheating of air in the HVAC system. The amount of 
energy required depends on the outdoor temperature and humidity and the indoor 
temperature and humidity setting. Other factors affecting the net electric power output 
include:  
System configurations:  
• Conventional HVAC units 
• Single/double effect Absorption chiller-HVAC 
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Variations of Electric Power Split with System Configuration for Outdoor 100% 45C Indoor 80% 20C
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Figure 5.23: Comparison of power split of 250kW electrical power produced by 
SOFC-GT system in various trigeneration system configurations for Worst Case 
Variations of Power Split with System Configurations for Outdoor 70% 38C Indoor 50% 21C
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Figure 5.24: Comparison of power split of 250kW electrical power produced by 
SOFC-GT system in different trigeneration configurations for Ship 1 
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Variations of Electric Power Split with System Configurations for Outdoor 85% 35C Indoor 55% 21C
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Figure 5.25: Comparison of power split of 250kW electrical power produced by 
SOFC-GT system in different trigeneration system configurations for Ship 2 
 
For worst case, Figure 5.23 shows that most of the energy is used for HVAC cooling. This 
is due to the need to reduce the high temperature (45ºC) and humidity (100%) of the 
outdoor air. For Ships 1 and 2, as shown in Figures 24 and 25 respectively, most of the 
energy is for HVAC reheating. The relative humidity that needs to be reduced by cooling 
plus condensing water at saturation for Ships 1 and 2 are respectively 50 and 55%, 
compared with 80% required in worst case. 
It is worth using an absorption chiller to cool down hot ventilation air. With 2.5kW of 
electric power consumption in a single effect absorption chiller, 62.4kW of cooling (from 
82.6kW of waste heat) can be utilised for the BROAD single stage absorption cooling. 
This is out of the 312kW of mixed air and indoor heat that needs to be removed for Ship 1. 
For a double effect absorption chiller, the use of 5kW of electrical power makes 119.2kW 
of cooling (from 106.4kW of waste heat) available. 
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5.5.11 Overall System Efficiency improvements by Trigeneration System compared 
with conventional SOFC-GT system  
Since waste heat from the SOFC-GT is utilised to provide some cooling via the absorption 
chiller, and reduce the dependency on conventional electric cooling, the efficiency of the 
CCHP system is increased, compared with the existing recuperated SOFC-GT system. 
The overall system efficiency of different system configurations with 7 HVAC units can be 
summarised in Table 5.5. In all ships with the double effect absorption chiller in the system 
configuration, the efficiency is higher, due to more useful heat being used in the system.   
For the worst case, the overall system efficiency improves from 22.0% for conventional 
HVAC units to 44.8% and 53.0% for single and double effect absorption chillers 
respectively. In the real case, Ship 2 is more efficient than Ship 1 by 4% for conventional, 
single effect and double effect absorption chiller scenarios. Due to the need to reduce 
humidity to a low level, water needs to be condensed to a low temperature and then the air 
is reheated, which consumes electricity. Hence, the reduced available net electric power 
leads to a lower overall efficiency. 
Table 5.5: The overall system efficiency of various system configurations with 7 
HVAC units 
 Overall system efficiency % 
System configurations Worse case Ship 1 Ship 2 
Conventional SOFC-GT-HVAC 22.0 12.1 16.1 
CCHP with Saito Single Effect Absorption Chiller 50.3 40.4 44.4 
CCHP with BROAD Single Effect Absorption Chiller 44.8 34.9 39.0 
CCHP with Saito Double Effect Absorption Chiller 53.0 43.2 47.2 
 
5.6 Sensitivity Analysis 
Since the 45ºC, 100% outdoor case is the Worst Case, it is important to simulate conditions 
based on real life temperature and humidity conditions. The typical Lürssen boat design 
conditions for the outdoor are 35ºC and 70% humidity. 
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Two cases based on real life outdoor and indoor conditions of two Lürssen ships (Ship 1 
and Ship 2) are simulated, and compared with the Worst Case. In the following sub-
sections, Ship 1 is used as a case study for sensitivity analysis. 
In the following diagrams, the scenarios will be symbolised in the table below: 
Table 5.6: Comparison of System configuration characteristics (Table explanation) 
Scenario Absorption Chiller HVAC unit number Returning to fresh air ratio
i No 7 80:20 
ii Saito single 7 80:20 
iii BROAD single 7 80:20 
iv BROAD single 4 80:20 
v BROAD single 7 70:30 
vi BROAD single 4 70:30 
vii Saito double 7 80:20 
viii Saito double 4 80:20 
ix Saito double 3 80:20 
 
For sensitivity analysis, the following combination of scenarios to compare and contrast 
the effects on performance by varying: 
1. Ratio of return air to fresh outdoor air: Scenarios iii, v (Single effect, 7 HVAC 
units); Scenarios iv, vi (Single effect, 4 HVAC units);   
2. Number of HVAC units: Scenarios iii, iv (Single effect; 80:20 ratio); Scenario v, 
vi (Single effect; 70:30 ratio); Scenarios vii, viii, ix (Double effect)    
5.6.1 Varying HVAC ratio of incoming and recirculated air 
The ratio of outdoor air entering and recirculating in the HVAC system is changed from 
20:80 to 30:70 to see the effects on the energy required to remove the amount and maintain 
the design indoor temperature and humidity, for all the scenarios.  
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Psychrometric Chart for 7 ALKO 1Ab 70:30 (38C, 70% to 21C, 50%; 48kW heat removed)
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Figure 5.26: Single Effect Absorption Chiller-HVAC Air conditioning Psychrometric 
Chart for Ship 1 with incoming air to recirculated air ratio of 30 to 70, with 48kW 
heat removed 
It can be seen from Tables 5.7 and 5.8 that when the return air to fresh outdoor air ratio is 
changed from 80:20 to 70:30 and 7 HVAC units are in operation, the number of people (in 
normal case) that are allowed in the indoor environment with enough outdoor air supply is 
increased from 312 to 468, as more outdoor air enters the indoor environment. However, 
more hot and humid air needs to be cooled down and dehumidified by the HVAC unit. 
Hence the net electrical power available is reduced from 63kW to 48kW for the case with 
HVAC units and a single effect BROAD absorption chiller. 
5.6.2 Varying Number of HVAC Units 
The number of HVAC units needed for providing cooling is varies to see the effects on 
heat removal required.  
It is important to note that there is a minimum requirement for the ventilation rate in indoor 
environment. According to CIBSE Guide (cited from Arup Introduction Course For 
Mechanical Graduates Course Notes), it is recommended that 8 litres/s per person of 
outdoor air to be supplied for open plan offices and theatres for a room with no smoking. 
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To cover scenarios requiring more outdoor air, the number of people possible to be in the 
ship indoor environment, the case with 18 litres/s per person is also covered, to take into 
account of cocktail bars, conference rooms, luxury residence and restaurants with heavy 
smoking. 
The number of HVAC units is reduce from 7 to 4 and 3 and see if it is possible to remove 
heat with less units. The HVAC flow rate can be better matched with the fuel cell system 
exhaust flow rate, hence reduce increase in temperature caused by the desiccant wheel, if it 
is available. 
Changing the number of HVAC units required will change the tilting direction of the 
straight line joining the incoming, return and mixed air conditions at the psychrometric 
graph.  
If the line is tilted to the left, this means that the return and mixed air are cooler than the 
incoming air, so an overall cooling effect is achieved. 
When the number of HVAC units is reduced, the air flow rate is reduced. Less heat can be 
removed. 
If the line is tilted to the right, it means that the return air (and mixed air) are hotter than 
the incoming air. This means that more cooling is needed, and increases in electric cooling. 
Hence, the SOFC-GT system might not be self-sustaining, and might require extra electric 
energy from the ship diesel engine to power the HVAC air conditioning unit.  
It can be seen from Scenarios vii, viii and ix that: by reducing the number of HVAC units, 
the amount of heat needed to be removed from the indoor environment is reduced. Also, 
for Ship 1 and Ship 2, about half of the heat can be removed by a double effect absorption 
chiller when 3HVAC units are available. 
In practice, the number of HVAC units in the ship can be kept constant. Some HVAC units 
can be switched off depending on the number of people in the ship, as well as changes in 
the outdoor temperature and humidity. 
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Table 5.7: Comparison of heat energy removal and reheating required between 4 and 
7 HVAC units for Ship 1 system with single effect BROAD absorption chiller with 
20% outdoor air and 80% recirculated air 
 4HVAC 7 HVAC 
Net electric power available/ electric heat load removed (kW) 129 63 
Single effect BROAD Absorption cooling effect (kW)  62.4 62.4 
Total heat removal 80/20 (kW) 253 312 
Reheat 80/20 (kW) 61 106 
Number of people possible at indoor with fresh air (assuming 8 
litres per second per person) 
178 312 
Number of people possible at indoor with fresh air (assuming 
18 litres per second per person) 
79 138 
 
Table 5.8: Comparison of heat energy removal and reheating required between 4 and 
7 HVAC units for Ship 1 system with single effect BROAD absorption chiller with 
30% outdoor air and 70% recirculated air 
 4HVAC 7 HVAC 
Net electric power available/ electric heat load removed (kW) 112 48 
Total heat removal 70/30 (kW) 277 369 
Reheat 70/30 (kW) 60 106 
Number of people possible at indoor with fresh air (assuming 8 
litres per second per person) 
267 468 
Number of people possible at indoor with fresh air (assuming 
18 litres per second per person) 
118 208 
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Table 5.9: Comparison of heat energy removal and reheating required between 3 and 
7 HVAC units for Ship 1 system with double effect Saito absorption chiller with 20% 
outdoor air and 80% recirculated air 
 3HVAC 4HVAC 7HVAC 
Net electric power available/ electric heat load removed 
(kW) 
161 140 74 
Double effect Saito Absorption cooling effect (kW)  119.17 119.17 119.17 
Total heat removal 80/20 (kW) 242 261 321 
Reheat 80/20 (kW) 45 61 106 
Number of people possible at indoor with fresh air 
(assuming 8 litres per second per person) 
133 178 312 
Number of people possible at indoor with fresh air 
(assuming 18 litres per second per person) 
59 79 138 
 
Results in Tables 5.7 , 5.8 and 5.9 show that the total amount of heat that needs to be 
removed is reduced by reducing the number of HVAC units from 7 to a lower number. 
This is because the amount of hot, humid outdoor air entering the ship is reduced. Less 
heat needs to be removed from the indoor environment, despite the increase in mixed air 
temperature, and hence the specific enthalpy in kW/kg. It seems that more energy is 
needed to cool down the air from a hotter temperature to the required one. However, for 
the amount of enthalpy reduction required to reach the same final state, the increase in 
enthalpy reduction is far less than the reduction in air flow rate, hence a net reduction in 
heat removal needed. This also means that a HVAC system with less flow rate is actually 
more efficient in providing cooling, despite the fact that the mixed temperature is higher 
than the air inlet temperature. Also, relatively speaking, the absorption chiller provides a 
larger percentage of “free cooling” for the case of a smaller HVAC unit than with a larger 
one.  
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Psychrometric Chart for 4 ALKO 2Ab (38C, 70% to 21C, 50%; 140kW heat removed)
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Figure 5.27: Psychrometric chart for Double effect absorption chiller with 4 ALKO-
THERM HVAC units in Ship 1, with 140kW heat removed 
Psychrometric Chart for 3 ALKO 2Ab (38C, 70% to 21C, 50%; 161kW heat removed)
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Figure 5.28: Psychrometric chart for Double effect absorption chiller with 3 ALKO-
THERM HVAC units in Ship 1, with 161kW heat removed 
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5.6.3 System Control Volume Energy Balance  
It is useful to show the power split between parasitic losses and net electrical power 
available for base load. This is done to ensure energy is conserved at a system level. This 
also helps verify the amount of heat needs to be removed from the indoor environment due 
to hotel load (HVAC air conditioning system, lighting, electrical appliances).  
The recuperated SOFC-GT system produces 250kW of electric power for supplying base 
load (excluding propulsion) for the ship. However, not all of the electric power is used for 
lighting, music, entertainment and computers. Part of the energy is used for cooling, 
dehumidification and reheating of air in the HVAC system. The amount of energy required 
depends on the outdoor temperature and humidity; and required indoor temperature and 
humidity setting. Other factors affecting the net electric power output include:  
• System configurations: Conventional HVAC units; Absorption chiller-HVAC 
• Ratio of return air to fresh outdoor air  
• Number of HVAC units  
In the following sections, the abbreviations 0Ab, 1Ab, 2Ab, 7, 4, 3, 80:20, 70:30 used in the 
graph captions correspond to No Absorption Chiller, Single Effects Absorption Chiller, 7 
HVAC units, 4 HVAC units, 3 HVAC units, 80% recirculated air to 20% fresh outdoor air, 
70% recirculated air to 30% fresh outdoor air respectively. 
5.6.4 Power Split from SOFC-GT System for Operating HVAC, Absorption Chiller 
and Providing Electric Power for Ship Base Load 
For the Worst Case, it can be seen from Fig. 5.29 that most of the energy is used for 
HVAC cooling. This is due to the need to reduce the high temperature (45ºC) and humidity 
(100%) of the outdoor air. For Ships 1 and 2, as shown in Fig. 5.30 and 5.31 respectively, 
most of the energy is for HVAC reheating because the relative humidity needs to be 
reduced by cooling and condensing water at saturation are respectively 50 and 55%, 
compared with 80% required in the Worst Case. 
It is worth using an absorption chiller to cool down hot ventilation air. With 2.5kW of 
electric power consumption in a single effect absorption chiller, 62.4kW of cooling (from 
82.6kW of waste heat) can be utilised for the BROAD single stage absorption cooling. 
This is out of the 312kW of mixed air and indoor heat that needs to be removed for Ship 1. 
For a double effect absorption chiller, the use of 5kW of electrical power makes 119.2kW 
of cooling (from 106.4kW of waste heat) available. 
  
203
Variations of Electric Power Split with System Configuration for Outdoor 100% 45C Indoor 80% 20C
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Figure 5.29: Comparison of power split of 250kW electrical power produced by 
SOFC-GT system in various trigeneration system configurations for Worst Case 
Caption: i – 0Ab, 7, 80:20; ii – Saito 1Ab, 7, 80:20; iii – BROAD 1Ab, 7, 80:20;  iv – 
BROAD 1Ab, 4, 80:20; v – BROAD 1Ab, 7, 70:30; vi – BROAD 1Ab, 4, 70:30; vii – 
Saito 2Ab, 7, 80:20; viii – Saito 2Ab, 4, 80:20; ix – Saito 2Ab, 3, 80:20 
Variations of Power Split with System Configurations for Outdoor 70% 38C Indoor 50% 21C
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Figure 5.30: Comparison of power split of 250kW electrical power produced by 
SOFC-GT system in various trigeneration system configurations for Ship 1  
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Variations of Electric Power Split with System Configurations for Outdoor 85% 35C Indoor 55% 21C
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Figure 5.31: Comparison of power split of 250kW electrical power produced by 
SOFC-GT system in various trigeneration system configurations for Ship 2 
 
5.6.5 Net Electric Power Available for Ship Base Load 
Figures 5.32, 5.33 and 5.34 show that when the number of HVAC units for the double 
effect absorption chiller configuration is reduced from 7 (scenario vii) to 3 (scenario ix), 
the increase in power relative to the conventional case in the Worst Case, Ship 1 and Ship 
2 are respectively 94.8%, 219.9% and 150.0%. Hence, when there is less people in the ship, 
it is possible to reduce the number of HVAC units in operations to save electricity required 
for cooling and ventilation, and hence providing more net electric power for hotel load in 
the ship. 
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Variations of Net Electric Power with System Configuration for Outdoor 100% 45C Indoor 80% 20C
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Figure 5.32: Comparison of net electrical power available in various trigeneration 
system configurations for Worst Case 
Variations of Net Electric Power with System Configuration for Outdoor 70% 38C Indoor 50% 21C
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Figure 5.33: Comparison of net electrical power available in various trigeneration 
system configurations for Ship 1 
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Variations of Net Electric Power with System Configurations for Outdoor 85% 35C Indoor 55% 21C
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Figure 5.34: Comparison of net electrical power available in various trigeneration 
system configurations for Ship 2 
 
5.6.6 Heat Energy Removed from the Indoor Environment 
Figures 5.35, 5.36 and 5.37 show the total heat energy needed to be removed from the 
indoor environment for different system configurations in Worst Case, Ship 1 and Ship 2 
respectively. The light colour section represents the amount of heat removed by absorption 
chiller. 
It can be seen in Figure 5.36 (Ship 1) and Figure 5.37 (Ship 2) that when the HVAC unit is 
reduced from 7 (scenario vii) to 3 (scenario xi), the Double Effect Absorption can remove 
almost half of the total amount of indoor heat, saving energy from electric cooling. 
By comparing scenario iii and v, it can be seen that an increase in proportion of outdoor air 
entering the HVAC unit from 20% to 30% will lead to an increase in hot air within the 
HVAC system. Hence, more heat needs to be removed in order to reach the desired indoor 
temperature and humidity. 
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Variations of Total Heat Removal with System Configuration for Outdoor 100% 45C Indoor 80% 20C
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Figure 5.35: Comparison of Total Heat Energy Removal Required in Various 
Configurations for Worst Case 
Variations of Total Heat Removal with System Configurations for Outdoor 70% 38C Indoor 50% 21C
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Figure 5.36: Comparison of Total Heat Energy Removal Required in Various 
Configurations for Ship 1 
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Variations of Total Heat Removal with System Configurations for Outdoor 85% 35C Indoor 55% 21C
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Figure 5.37: Comparison of Total Heat Energy Removal Required in Various 
Configurations for Ship 2 
5.6.7 Overall System Efficiency Improvements by Trigeneration System Compared 
with Conventional SOFC-GT System  
Since waste heat from the SOFC-GT is utilised to provide some cooling via the absorption 
chiller, and reduce the dependency on conventional electric cooling, the efficiency of the 
CCHP system is increased, compared with the existing recuperated SOFC-GT system. 
It can be shown from Table 5.10 that the overall system efficiency for all the ships 
increases with reducing number of HVAC units. This is because a system with less HVAC 
units brings in less hot, humid air from the outdoor environment, hence less electric power 
is needed to cool down and dehumidify the air. 
Table 5.10: Comparison of overall system efficiency for CCHP system (with Saito 
Double Effect Absorption Chiller with varying HVAC number in 3 different ships 
 Overall system efficiency % 
No. of HVAC units Worst case Ship 1 Ship 2 
7 53.0 43.2 47.2 
4 64.4 58.8 61.1 
3 68.2 64.0 65.8 
 
  
209
Variations of Net Overall Efficiency with System Configuration (Outdoor 100%, 45C; Indoor 80% 20C)
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Figure 5.38: Overall system efficiency of system configurations for Worst Case 
Variations of Net Overall Efficiency with System Configurations (Outdoor 70%, 38C; Indoor 50%, 21C)
0
10
20
30
40
50
60
70
i ii iii iv v vi vii viii ix
System configurations
O
ve
ra
ll 
ef
fic
ie
nc
y 
/ %
 
Figure 5.39: Overall system efficiency of various system configurations for Ship 1 
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Variations of Net Overall Efficiency with System Configurations (Outdoor 85%, 35C; Indoor 55%, 21C)
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Figure 5.40: Overall system efficiency of various system configurations for Ship 2 
 
Figures 5.38, 5.39, 5.40 show more details regarding the variations of overall system 
efficiency with different configurations for Worst Case, Ship 1 and Ship 2. Compared with 
the efficiency results in Table 5.10, it can be seen that the efficiency of a system using 
Saito Double effect absorption chiller (cases vii, viii, ix) leads to far higher efficiency 
compared with a system without absorption cooling (case i) or with a single effect 
absorption chiller (cases ii, iii, iv, v, vi). Therefore, it is highly recommended to install 
double effect absorption chiller in the ship. Moreover, for a ship with 7 HVAC units in 
operation, when the recirculation air versus fresh outdoor air ratio changes from 80:20 
(case iii) to 70:30 (case v), the overall efficiency reduces. This is due to more hot outdoor 
air entering into the indoor environment, and more electric energy is needed to cool down 
indoor air to the desired temperature. 
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5.7 Conclusions 
For a 50m long ship with a 250kW base load system, the absorption chiller makes the best 
use of waste heat from the SOFC-GT system. The SOFC-GT-Double Effect Absorption 
Chiller-HVAC system is found to be the optimum system configuration for the ship 
application. The desiccant wheel can hardly reduce moisture from the outdoor air because 
the HVAC air flow rate is too high compared to the exhaust gas flow rate from the SOFC-
GT system. Even when the number of HVAC units is reduced from the typical 7 to 3, the 
ratio of HVAC air to exhaust is 10:1, instead of the minimum 3:1. Hence the desiccant 
wheel is not suitable for this particular application.  
The Single effect BROAD and Saito et al. (2007) results are comparable. This gives 
confidence that the Saito results are reliable. Also, since BROAD produces a double stage 
exhaust chiller for 500ºC, the data cannot be used to simulate in this case, with exhaust 
temperature of 212ºC. It needs to be proved that the double effect absorption chiller data 
from Saito et al. (2007) are verified and can be used in this chapter with confidence. 
In all cases, the use of absorption chiller increases the net electrical power available for the 
ship. By using a double effect absorption chiller, more cooling is available, hence less 
electricity is required for conventional HVAC cooling.  
For the worst case using 7 HVAC units, the overall system efficiency improves from 
22.0% for conventional HVAC units to 44.8% and 53.0% for single and double effect 
absorption chillers respectively. In the real case, Ship 2 is more efficient than Ship 1 by 4% 
for conventional, single effect and double effect absorption chiller scenarios. Due to the 
need to reduce humidity to a low level, water needs to be condensed to a low temperature 
and then the air is reheated, which consumes electricity. Hence, the reduced available net 
electric power leads to a lower overall efficiency. 
For a 50m long ship with a 250kW base load SOFC-GT-Double Effect Absorption Chiller-
HVAC system, it is found that the absorption chiller can remove half of the heat from the 
indoor environment when 3 HVAC units are in operation, saving energy from electric 
cooling. 
312 people are allowed indoors in Ship 1 with 7 ALKO-THERM HVAC units (each with 
flow rate of 6419 m3/h) and 80:20 ratio of return to fresh outdoor air, when the minimum 
air flow rate requirement is 8 litres per second per person. If the return air to fresh outdoor 
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air ratio is changed to 70:30, more fresh air is available and it is calculated that 468 people 
can stay in the ship indoor environment with comfort. 
If the number of HVAC units is reduced from 7 to 3, the volume of hot air entering from 
the outdoor into the system is reduced; hence less heat is needed to be removed from the 
system. As long as the volume of incoming air satisfies the fresh air and comfort 
requirements for inhabitants, and the mixed air temperature is kept to a reasonably low 
temperature, the number of HVAC units can be optimised. This can be achieved by having 
7 HVAC units in the ship and can vary the number of units running depending on the 
number of people in the ship, as well as the contrast between indoor and outdoor 
temperature and humidity 
The number of people allowed indoor for a ship with 3 and 4 ALKO-THERM HVAC and 
80:20 ratio of return air to fresh outdoor air is respectively 133 and 178. 
The overall system efficiency of the trigeneration system in Ship 1 is increased from 
43.2% to 64.0% when the number of HVAC units is reduced from 7 to 3, for a system with 
a Double Effect Absorption Chiller. Hence, an absorption chiller is an important and useful 
off-the-shelf component in the hybrid system for reducing electric cooling required for the 
ship interior and improving energy efficiency.  
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Chapter 6 
Conclusions 
6.1 Synopsis of Achievements 
Shipping emissions contribute to greenhouse gas emissions and air pollution. Adopting a Solid Oxide 
Fuel cell-Gas Turbine hybrid system with combined heating, cooling and power has the benefit of 
reducing pollution with cleaner fuel and increasing energy efficiency by absorption cooling.  
A modular, detailed thermodynamic model that integrated a SOFC with a GT was enhanced to carry 
out a number of novel analyses. The Matlab model allowed easy modification of system 
configurations and components for design point and off-design analysis. New research included 
determining the effects of changing compressor and turbine components on overall system efficiency 
and total specific power during off-design operations. It was found that recuperated SOFC-GT 
system was the optimum configuration that allowed a balance between system efficiency, total 
specific power, and power split between fuel cell and turbine in producing electric power. The design 
point analysis of the recuperated system was validated with a peer reviewed journal paper. The 
overall system efficiency reached 59.7% at design point, rising to 63% at 80% of design point 
turbine speed. During off-design operations, the system operated between 62% and 100% of design 
point. When variable geometry compressor and turbine were used, the off-design operating power 
range and system thermal efficiency were increased by a maximum of 3% and 1.5% respectively.  
In addition, a brand new thermodynamic model of the trigeneration system was created to simulate 
the heat transfer process in the cooling, moisture condensation and reheating processes of the air 
conditioning system within a 250kWe base load system for a ship. Four different system 
configurations with a combination of off-the-shelf conventional HVAC, single/double effect 
absorption chiller and/or desiccant wheel were incorporated into the model to carry our 
psychrometric analysis. Different combinations of ship indoor and outdoor temperature and 
relatively humidity, number of HVAV units, and ratio of fresh outdoor air to recirculated air at 
indoor space were entered into the model to determine energy usage. The double effect absorption 
chiller system analysis was validated with peer-reviewed journal paper. It was found that the double 
effect absorption chiller together with conventional HVAC unit can maximise the use of waste heat 
from fuel cell system for absorption cooling. When the number of HVAC units was reduced from 7 
to 3, half of the indoor heat can be removed by absorption chiller. For a typical Ship 1, net electric 
power available for base load was increased from 74kW to 161kW, while overall thermal efficiency 
was increased from 43.2% to 64%.   
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To conclude, a recuperated SOFC-GT system with double effect absorption chiller is promising for 
marine applications. It is optimised for producing low carbon base load electric power while 
maximising the use of waste heat from fuel cell exhaust for absorption cooling. This approach can 
effectively reduce electricity demand for HVAC air conditioning, emissions and pollution. 
 
6.2 Conclusions 
6.2.1 System Model 
A comprehensive, detailed system configuration analysis, optimisation and sensitivity analysis of a 
SOFC-GT system coupled to a waste heat recovery device for marine applications are carried out.  
This model uses new variable geometry compressor and turbine maps from National Technical 
University of Athens to carry out sensitivity analysis on the effects of changing variable geometry 
compressor and turbine settings on system efficiency, off-design power range and proximity of 
operating points from surge line in the compressor maps. 
It was found that the recuperated SOFC-GT system was optimised when operating at 1273K, 4 bar 
pressure, with 1250K of turbine entry temperature and fuel cell current density at 300mA/cm2, 
corresponding to 0.704V fuel cell voltage. When NTUA C33 radial compressor (with 83% design 
point isentropic efficiency) and T3 radial turbine (with 90% design point isentropic efficiency) were 
used in the system with power turbine, the overall thermal efficiency at design point was 59.7%. 
Removing the power turbine increased the design point thermal efficiency to 60.0%; increased the 
total specific power from 602kJ/kg to 608kJ/kg; and reduce the number of fuel cells required to 
produce 250kWe from 1166 to 1155, for the same fuel cell-gas turbine power split.  
The hybrid system could operate from 31% to 100% of design point power, when running the system 
in off-design with air utilisation between 0.1 and 0.25. The highest overall thermal efficiency was 
62.5%, at 80% of the design point gas generator rotational speed and air utilisation of 0.25. 
The choice of compressor and turbine lead to significant difference in system thermal efficiency and 
off-design power range. For example, for a system using NTUAT3 turbine and operating at a design 
point air utilisation of 0.25, the efficiency ranged from 63% for HPC02, to 62.4% for NTUAC33 and 
61.8% for HPC01. The corresponding off-design minimum powers were respectively 72%, 62% and 
60% of full load.  During off-design operations, the system operated between 62% and 100% of 
design point. A variable geometry turbomachinery can change the angles of compressor inlet guide 
vanes and diffuser, and the turbine nozzle guide vanes. The compressor settings have a bigger effect 
on operating power range, while turbine setting has a more significant effect on the overall thermal 
efficiency. When used, the off-design operating power range and system thermal efficiency can be 
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increased by a maximum of 3% and 1.5% respectively.  At air utilisation of 0.1, the minimum off-
design power range (at 80% of design point shaft rotational speed) can be widened from 31% down 
to 28% of design point power. The change in variable geometry turbomachinery settings are useful in 
maintaining stability of the system by moving the operating line away from surge, especially when 
the system is running at a higher ambient temperature than the design point in tropical areas.   
 
6.2.2 Trigeneration Model 
The optimisation of a SOFC-GT-Trigeneration system for a 50-metre long ship has been successfully 
accomplished. It was the first time to apply a SOFC-GT Combined Heating and Cooling and Power 
System for marine applications, with the use of real life ship base load data, ship outdoor and indoor 
conditions from a shipbuilder. 
For the trigeneration system optimisation, a system configuration analysis was carried out to 
compare and contrast the effects of using a combination of conventional HVAC unit, absorption 
chiller and desiccant wheel on maximising the use of the energy from the waste heat of the fuel cell 
exhaust stream for cooling indoor air and reducing the use of electricity in conventional HVAC units 
for cooling and dehumidifying. 
Psychrometric chart was used to assist the thermodynamic analysis. The effects of using desiccant 
wheel with or without absorption chiller in the system configurations are analysed. It is found that 
due to wide difference in fuel cell exhaust gas flow rate from the HVAC air flow rate, the desiccant 
wheel is not suitable for this application. Hence, the latter part of the analysis was focused on 
comparing the heat removal performance of conventional HVAC with single and double effect 
absorption chiller. 
Three ship scenarios with different sets of indoor and outdoor temperature and humidity conditions 
are used to compare and contrast the effects of choosing different system configurations on overall 
system efficiency. 
Finally, a sensitivity analysis on the effects of changing the ratio of fresh outdoor air to recirculated 
air in HVAC system, number of HVAC units in operations on the net electric power available, 
amount of heat removed by conventional HVAC system VS absorption chiller and the number of 
people allowed indoor with adequate fresh air. 
It is found that the double effect absorption cooler is the most energy efficient heat recovery unit to 
be added after the SOFC-GT system. When there are fewer occupants in the ship, reducing the 
number of HVAC units in operation can reduce the volume of hot air from outdoor, hence less 
electrical energy needs to be used for cooling and dehumidification and more net electric power is 
available for the ship hotel load like lighting and entertainment. The overall system efficiency can 
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also be increased. For example, for Ship 1 using a double effect absorption chiller and taking 20% of 
fresh outdoor air into the indoor environment, the indoor heat energy that needs to be removed when 
7, 4 and 3 HVAC units are in operation are respectively 321kW, 261kW and 242kW; while the net 
electric power available (after taking into account of air conditioning) are respectively 74kW, 140kW 
and 161kW; and the overall system efficiency are respectively 43.2%, 58.5% and 64%. When 3 
HVAC units are used together with a double effect absorption chiller in Ship 1, almost half of the 
heat in the indoor environment can be removed by absorption cooling.  
 
6.3 Future Work 
6.3.1 System Model 
For the system model, incorporating a diesel reforming model into the system model will be seen as 
an organic step of improvement. This can help access thermodynamic requirements and the impact 
on the temperature of different parts of the system. Moreover, carrying out transient analysis of the 
whole SOFC-GT system model, to analyse scenarios of start-up from cold, restart from warm, shut 
down from hot, as well as step change in power requirements will be useful in formulating 
operational strategies to ensure smooth operations, as well as faster restart with better insulation 
around the fuel cell system to reduce heat losses. 
 
6.3.2 Trigeneration Model  
The trigeneration system model can be improved and further optimised by simulating a wider range 
of system configurations. For example, it would be interesting to model a trigeneration system with 2 
fuel cells in series and one with 2 fuel cells in parallel, to compare and contrast the performance. 
Also, the system can incorporate absorption cooler, adsorption cooler, desiccant wheel, and enthalpy 
wheel in different combinations and orders in configurations analysis.  
Moreover, as suggested by Deng et al. (2011), it is possible to improve the efficiency of the 
trigeneration with cascade utilisation of thermal energy according to temperature. For example, 
waste heat in the range of 120-550°C can be applied to a double-effect or triple-effect absorption 
cooler; waste heat in the temperature range of 80-300°C can be applied to an single-effect absorption 
chiller; while the thermal energy rejected from an absorption chiller in the temperature range of 60-
150°C can be used to drive a desiccant dehumidifier or adsorption cooler. This can lead to an 
increase of energy efficiency to over 75% for an integrated CCHP system. Some aspects of this 
cascading have been implemented, for example in the SOFC-GT-Double Effect Absorption Chiller-
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Desiccant Wheel-HVAC system configuration in Chapter 5, although further improvements can be 
made.  
Whether cascading utilisation of thermal energy according to temperature for the waste heat recovery 
system after the SOFC-GT system is achieved or not, it will be useful to carry out a pinch analysis 
for the entire model. In a system model, process design issues like the choice of heat engine; the 
integration of heat engine and heat exchangers are crucial. Pinch analysis methodology can be used 
to decide the optimum arrangement of heat exchangers and other ancillary units to save available 
heat energy in the system. In a SOFC-GT trigeneration system, there are process streams requiring 
heating (cold streams) and cooling (hot streams), regardless of where the heat exchangers are located. 
The first step in system design is to find out the basic chemical process requirements and produce a 
system configuration showing both hot and cold process streams. Enthalpy content of each process 
stream can be calculated by carrying out mass and heat balances. Heating and cooling curves can be 
produced after the required temperature of each process stream is known. Both the heating and 
cooling curves can be added to produce two composite curves, one showing the total heating 
required by the process streams and another showing the total cooling required. When the two curves 
are plotted in a Temperature VS Enthalpy graph, they approach each other closest at one point 
defined as the minimum approach temperature, and this point is called the pinch point. Unique for 
each process, the pinch point divides the process into two separate systems, each of which is in 
enthalpy balance with the utility. Above the pinch, only the hot utility is required. Below the pinch, 
only the cold utility is required. Hence, for an optimum design, no heat should be transferred across 
the pinch. For a system in which a pinch temperature cannot be found, a threshold can be defined 
(Larminie and Dicks 2003). This can further optimise the system performance according to 
applications. 
 
 
 
 
 
 
 
 
 
 
 
218 
Publications from work 
1. Tse L, Wilkins S, Martinez-Botas R. “Dynamic modelling of a SOFC-GT hybrid system for 
transport applications”, European ELE-Drive Transportation Conference EET-2007, 2007 
2. Wilkins S, Tse L, Martinez-Botas R. “Investigation of SOFC-GT Systems for Hybridised 
Heavy Duty Transport Applications”, ASME EFC2007, 2007 
3. Tse, LKC, Wilkins S, McGlashan N, Urban B, Martinez-Botas R. “Solid oxide fuel cell/gas 
turbine trigeneration system for marine applications”, Journal of Power Sources 196, pp. 
3149–3162, 2011. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
219 
References 
Aguiar, P., Adjiman, C. S., Brandon, N. P., “Anode-supported intermediate-temperature direct 
internal reforming solid oxide fuel cell II. Model-based dynamic performance and control”. Journal 
of Power Sources 147, pp. 136-147, 2005. 
Ahmad Hajimolana, S., Azlan Hussain, M., Ashri Wan Daud, W. M., Soroushb, M., Shamiri, A., 
“Mathematical modeling of solid oxide fuel cells: A review”, Renewable and Sustainable Energy 
Reviews 15, pp. 1893-1917, 2011. 
Ahmed, S., McPheeters, C., Kumar, R., “Thermal-Hydraulic Model of a Monolithic Solid Oxide 
Fuel Cell”,  J. Electrochem. Soc. 138(9), pp. 2712-2718, 1991. 
Amphlett, J.C., Mann, R.F., Peppley, B.A., Roberge, P.R., Rodrigues, A., “A model predicting 
transient responses of proton exchange membrane fuel cells”, Journal of Power Sources 61, pp. 183-
188, 1996. 
Ang, S. M. C., Fraga, E. S., Brandon, N. P., Samsatli, N. J., Brett, D. J. L., “Fuel cell systems 
optimisation - Methods and strategies”, International Journal of Hydrogen Energy 36, pp.14678-
14703, 2011. 
Apfel, H., Rzepka, M., Tu, H., Stimming, U., “Thermal start-up behaviour and thermal management 
of SOFC’s”. Journal of Power Sources 154, pp. 370-378, 2006.  
Apsley, D., CFD notes [Introduction to CFD, The Fluid-Flow Equations, Common Approximations, 
The Scalar Transport Equation, The Momentum Equation, Time-Dependent Methods (Euler, 
Backward Euler, Crank-Nicolson), Turbulence Modelling in CFD, The CFD Process], Civil 
Engineering Department, University of Manchester, Spring 2005. 
Arato E., Costamagna P., Costa P., “Flow distribution in fuel cell stacks”, Chem. Biochem. Eng. Q., 
8(2), pp. 85-94, 1994.  
Arup Introduction Course For Mechanical Graduates Course Notes, October 1999. 
Barbir, F., “PEM Fuel Cells Theory and Practice”, Elsevier Academic Press, Burlington, 2005. 
Beckhaus, R.,  Dokupil, M., Heinzel, A., Souzani, S., Spitta, C., “On-board fuel cell power supply 
for sailing yachts”, Journal of Power Sources 145, pp. 639-643, 2005. 
Bensaid, S., Specchia, S., Federici, F., Saracco, G., Specchia, V., “MFCF-based marine APU: 
Comparison between conventional ATR and cracking coupled with SR integrated inside the stack 
pressurized vessel”, International Journal of Hydrogen Energy 34, pp. 2026-2042, 2009. 
Bizzarri, G., Morini, G. L., “New technologies for an effective energy retrofit of hospitals”, Applied 
Thermal Engineering 26(2-3), pp. 161-169, 2006. 
220 
Boon, J., van Dijk, E., de Munck, S., van den Brink, R., “Steam reforming of commercial ultra-low 
sulphur diesel”, Journal of Power Sources 196, pp. 5928-5935, 2011. 
Bove, R., Ubertini, S., “Modeling solid oxide fuel cell operation: Approaches, techniques and 
results”, Journal of Power Sources 159, pp. 543-559, 2006. 
Breaking New Ground, A Special Report on Global Share Gas Development”, Economist 
Intelligence Unit, Nov 2011. 
Broad Central Air Conditioning (Absorption LiBr+H2O) Broad X Non-Electric Chiller Model 
Selection and Design Manual, September 2008. 
Burcat A., "Third millennium ideal gas and condensed phase thermochemical database for 
combustion", Technical Report 867, Technion Aerospace Engineering, 2001. 
Burer, M., Tanaka, K., Favrat, D., Yamada, K., “Multi-criteria optimization of a district cogeneration 
plant integrating a solid oxide fuel cell–gas turbine combined cycle, heat pumps and chillers”, 
Energy 28, pp. 497-518, 2003. 
Burnham, A., Han, J., Clark, C. E., Wang, M., Dunn, J. B., Palou-Rivera, I., “Life-Cycle Greenhouse 
Gas Emissions of Shale Gas, Natural Gas, Coal and Petroleum”, Environ. Sci. Technol. 46, pp. 619-
627, 2011. 
Burt, A. C., “Refinement of Numerical Models and Parametric Study of SOFC Stack Performance”, 
Doctoral thesis, Department of Mechanical and Aerospace Engineering,  West Virginia University, 
Morgantown, 2005. 
Burt, A. C., Celik, I. B., Gemmen, R. S., Smirnov, A. V., “A numerical study of cell-to-cell 
variations in a SOFC stack”, Journal of Power Sources 126, pp. 76-87, 2004. 
Calise, F., Palombo, A., Vanoli, L., “Design and partial load exergy analysis of hybrid SOFC-GT 
power plant”, Journal of Power Sources 145, pp. 225-244, 2005. 
Campanari, S., "Full-load and part-load performance prediction for integrated SOFC and and 
microturbine systems. Journal of Engineering for Gas Turbines and Power 122, pp. 239–246, 2000. 
Campanari, S., Iora, P., “Comparison of Finite Volume SOFC Models for the Simulation of a Planar 
Cell Geometry”, Fuel Cells 5, pp.34-51, Feb 2005. 
Cardona, E., Piacentino, A., “A methodology for sizing a trigeneration plant in Mediterranean areas”, 
Applied Thermal Engineering 23, pp. 1665-1680, 2003. 
Cardona, E., Piacentino, A., Cardona, F., “Energy saving in airports by trigeneration. Part I: 
Assessing economic and technical potential”, Applied Thermal Engineering 26, pp. 1427-1436, 
2006a. 
221 
Cardona, E., Piacentino, A., Cardona, F., “Energy saving in airports by trigeneration. Part II: Short 
and long term planning for the Malpensa 2000 CHCP plant”, Applied Thermal Engineering 26, pp. 
1437-1447, 2006b. 
Çengel, Y.A., Boles, M.A. Thermodynamics: An Engineering Approach (International Edition), 
P.260, Fourth Edition, McGraw-Hill Education, 2002. 
Chan, S. H., Ho, H. K., Tian, Y., “Modelling for part-load operation of solid oxide fuel cell-gas 
turbine hybrid power plant”, Journal of Power Sources 114, pp. 213-227, 2003b. 
Chan, S. H., Ho, H. K., Tian, Y., “Multi-level modelling of SOFC-gas turbine hybrid system”, 
International Journal of Hydrogen Energy 28, pp. 889-900, 2003a. 
Chan, S. H., Low, C. F., Ding, O. L., “Energy and exergy analysis of simple solid-oxide fuel-cell 
power systems, Journal of Power Sources 103, pp. 188-200, 2002b. 
Chan, S.H., Ho, H.K. and Tian, Y., "Modelling of simple hybrid solid oxide fuel cell and gas turbine 
power plant", Journal of Power Sources 109, pp. 111-120, 2002a.  
Chan, S.H., Khor, K.A. and Xia, Z.T., A complete polarization model of a solid oxide fuel cell and 
its sensitivity to the change of cell component thickness. Journal of Power Sources 93, pp. 130-140, 
2001.  
Ciesar, J., Hybrid system development. Technical Report, Siemens Westinghouse Power Corporation, 
2001. 
Cohen, H., Rogers, G.F.C., Saravanamuttoo, H.I.H., Gas Turbine Theory, Longman Group, Fourth 
Edition, 1996. 
Colonna, P., Gabrielli, S., “Industrial Trigeneration using ammonia-water absorption refrigeration 
systems (AAR)”, Applied Thermal Engineering 23, pp. 381-396, 2003. 
Cook, R. D., Malkus, D. S., Plesha, M. E., “Concept and Applications of Finite Element Analysis”, 
3rd Edition, John Wiley, New York, 1989. 
Corbett, J.J., Winebreak, J.J., Green, E.H., Kasibhatla, P., Eyring, V., Lauer, A., “Mortality from 
Ship Emissions: A Global Assessment”, Environmental Science & Technology 41, pp. 8512–8518, 
American Chemical Society, 2007. 
Costamagna P., Arato E., Solid Oxide Fuel Cell V, The Electrochemical Society Proceedings, 
Pennington, NJ, PV97-40, pp.1339-1348, 1997. 
Costamagna, P., Honegger, K., “Modeling of solid oxide heat exchanger integrated stacks and 
simulation at high fuel utilization”, J. Electrochem. Soc. 145, pp. 3995-4007, 1998. 
Costamagna, P., Magistri, L., Massardo, A.F., “Design and part-load performance of a hybrid system 
based on a solid oxide fuel cell reactor and a micro-gas turbine”, Journal of Power Sources 96, pp. 
352-368, 2001. 
222 
Cunnel, C., Pangelis, M. G., Martinez-Botas, R. F., “Integration of solid oxide fuel cells into gas 
turbine power generation cycles, Part 2: hybrid model for various integrating schemes”, Proceedings 
of the Institution of Mechanical Engineers. Part A: Journal of Power and Energy 216, pp. 145-154, 
2002. 
Damm, D. L., Fedorov, A. G., “Radiation heat transfer in SOFC material and components”, Journal 
of Power Sources 143, pp.158-165, 2005. 
Damm, D. L., Fedorov, A. G., “Reduced-order transient thermal modeling for SOFC heating and 
cooling”, Journal of Power Sources 159(2), pp. 956-967, 2006. 
Deng, J., Wang, R. Z., Han G. Y., “A review of thermally activated cooling technologies for 
combined cooling, heating and power systems”, Progress in Energy and Combustion Science, pp 
172–203, 2011. 
EG&G Services, Parsons, Inc, and Science Applications International Corporation, in “Fuel Cell 
Handbook”, Fifth Edition, US Department of Energy, National Energy Technology Laboratory, 
Morgantown, WV, 2000. 
EG&G Technical Services, Inc. Science Applications International Corporation, “Fuel Cell 
Handbook”, Sixth Edition, US Department of Energy, National Energy Technology Laboratory, 
Morgantown, WV, 2002. 
Ferguson, J. R., Fiard, J. M., Harbin, R., “Three-dimensional numerical simulation for various 
geometries of solid oxide fuel cells”, Journal of Power Sources 58, pp. 109-122, 1996. 
Ferrari, M. L., Traverso, A., Magistri, L., Massardo, A. F., “Influence of the anodic recirculation 
transient behaviour on the SOFC hybrid system performance”, Journal of Power Sources 149, 2005, 
pp. 22–32. 
Ferziger, J. H. and Peric, M., “Computational methods for fluid dynamics”, Berlin: Springer, 1996. 
Fiard, J. M., Herbin, R., “Comparison between finite volume finite element methods for the 
numerical simulation of an elliptic problem arising in electrochemical engineering”; Comput. 
Method Appl. Mech. Eng. 115, pp. 315-338, 1994. 
Fontell E., Kivisaari T., Christiansen N., Hansen J.-B., Pålsson J., “Conceptual study of a 250kW 
planar SOFC system for CHP application”, Journal of Power Sources 131, pp. 49-56, 2004. 
Fu, L., Zhao, Z.L., Zhang, S.G., Jiang, Y., Li, H., Yang, W.W. "Laboratory research on combined 
cooling, heating and power (CCHP) systems", Energy Conversion and Management 50, pp. 977-982, 
2009. 
Galinaud F., “Integration of a Fuel Cell in a Gas Turbine Cycle”, MSc thesis, Imperial College of 
Science, Technology and Medicine, London, 2004. 
223 
Ge, T.S., Dai, Y.J., Wang R.Z., Li, Y. "Experimental investigation on a rotor two-stage rotary 
desiccant cooling system", Energy 33, pp. 1807-1815, 2008. 
Ghirardo, F., Santin, M., Traverso, A., Massardo, A., “Heat recovery options for onboard fuel cell 
systems”, International Journal of Hydrogen Energy 36(13), pp. 8134-8142, July 2011. 
Grote, M., Maximini, M., Yang, Z., Engelhardt, P., Kohne, H., Lucka, K., Brenner, M., 
“Experimental and computational investigations of a compact steam reformer for fuel oil and diesel 
fuel”, Journal of Power Sources 196, pp. 9027-9035, 2011. 
Haseli, Y., Dincer, I., Naterer, G.F., “Thermodynamic analysis of a combined gas turbine power 
system with a solid oxide fuel cell through exergy”, Thermochimica Acta 480, pp. 1-9, 2008a. 
Haseli, Y., Dincer, I., Naterer, G.F., “Thermodynamic modeling of a gas turbine cycle combined 
with a solid oxide fuel cell”, International Journal of Hydrogen Energy 33, pp. 5811-5822, 2008b. 
Haynes C., Wepfer, W. J., “‘Design for power’ of a commercial grade tubular solid oxide fuel cell”, 
Energy Conversion & Management 41, pp. 1123-1139, 2000. (Erratum pp. 2063–2067). 
Haynes C., Wepfer, W. J., “Characterizing heat transfer within a commercial-grade tubular solid 
oxide fuel cell for enhanced thermal management”, International Journal of Hydrogen Energy 26, pp. 
369-379,  2001. 
Haynes, C., “Simulating process settings for unslaved SOFC response to increases in load demand”, 
Journal of Power Sources 109, pp. 365–376, 2002. 
Hernández-Pacheco, E., Singha, D., Hutton, P., Patel, N., Mann, M., “A macro-level model for 
determining the performance characteristics of solid oxide fuel cells”, Journal of Power Sources 138, 
pp. 174-186, 2004. 
Hibino, T., Hashimoto, A., Inoue, T., Tokuno, J., Yoshida, S., M. Sano. Science 288, pp. 2031-2033, 
2000. 
Hildebrandt, A., Assadi, M., “Sensitivity Analysis of Transient Compressor Operation Behaviour in 
SOFC-GT Hybrid Systems”, Proceedings of GT2005, ASME Turbo Expo 2005: Power for Land, 
Sea and Air, Reno-Tahoe, Nevada, USA, June 6-9, 2005. 
Holtappels, P., Mehling, H., Roehlich, S., Liebermann, S. S., Stimming, U., “SOFC System 
Operating Strategies for Mobile Applications”, Fuel Cells 5(4), pp. 499-508, 2005. 
Hwang, J.J., Chen, C.K., Lai, D.Y., “Detailed characteristic comparison between planar and MOLB-
type SOFCs”, Journal of Power Sources 143, pp. 75–83, 2005. 
Incropera, F.P., DeWitt, D.P., Fundamentals of Heat and Mass Transfer, 4th Edition, Wiley, New 
York, USA, pp. 215–218, 1996. 
International Maritime Organisation Website, MARPOL, 
http://www.imo.org/TCD/contents.asp?doc_id=678&topic_id=258, 2008, accessed on 1st June 2009. 
224 
International Maritime Organisation, “Second IMO GHG Study 2009, Update of the 2000 IMO GHG 
Study, Final report covering Phase 1 and Phase 2”, IMO MEPC 59/INF.10, 2009. 
International Maritime Organisation, Second IMO GHG Study 2009, Update of the 2000 IMO GHG 
Study, Executive Summary, MEPC 59/4/7, 2009. 
IPCC, “Climate Change 2007: The Physical Science Basics: Contribution of Working Group I to the 
Fourth Assessment Report of the Intergovernmental Panel on Climate Change”, Cambridge 
University Press: Cambridge, 2007. 
Iwata, M., Hikosaka, T., Morita, M., Iwanari, T., Ito, K., Onda, K., Esaki, Y., Sakaki, Y., Nagata, S., 
“Performance analysis of planar-type unit SOFC considering current and temperature distributions”, 
Solid State Ionics 132, pp. 297-308, 2000. 
Jahn, H. J., Schroer, W., “Mathematical Model of a Residential Fuel Cell Power Plant and its 
Application to Start-up Optimisation”. Fuel Cells 4, pp. 276-282, 2004. 
Kakaç, S., Pramuanjaroenkij, A., Zhou X. Y., “A review of numerical modelling of solid oxide fuel 
cells”, International Journal of Hydrogen Energy 32, pp. 761-786, 2007. 
Kang, I., Kang, Y., Yoon, S., Bae, G., Bae, J., “The operating characteristics of solid oxide fuel cells 
driven by diesel autothermal reformate”, International Journal of Hydrogen Energy 33, pp. 6298-
6307, 2008. 
Kanoğlu, M., Çarpınlıoğlu, M. Ö., Yıldırım, Murtaza. “Energy and exergy analyses of an 
experimental open-cycle desiccant cooling system” Applied Thermal Engineering 24, pp. 919-932, 
2004. 
Karatzas, X., Nilsson, M., Dawody, J., Lindström, B., Pettersson, L. J., “Characterization and 
optimization of an autothermal diesel and jet fuel reformer for 5 kWe mobile fuel cell applications”, 
Chemical Engineering Journal 156, pp. 366-379, 2010. 
Kattke, K.J., Braun, R.J., Colclasure, A.M., Goldin, G., “High-fidelity stack and system modeling for 
tubular solid oxide fuel cell system design and thermal management”, Journal of Power Sources 196, 
pp. 3790-3802, 2011. 
Keegan, K., Khaleel, M., Chick, L., Recknagle, K., Simner, S., Deibler, J., Proceedings of the 2000 
Society of Automotive Engineers Congress. 2002-02-0413, 2002. 
Khaleel, M. A., Lin, Z., Singh, P., Surdoval, W., Coll, D., “A finite element analysis modelling tool 
for solid oxide fuel cell development: coupled electrochemistry, thermal and flow analysis in 
MARC”, Journal of Power Sources 130, pp. 136–148, 2004. 
Khaleel, M. A., Recknagle, K. P., Lin, Z.,  Deibler, J. E., Chick, L. A., Stevenson, J. W., eds. 
Yokokawa, H. and Singhal, S. C., Solid Oxide Fuel Cell VII, The Electrochemical Society 
Proceedings, Pennington, NJ, PV2001-16, pp.1032, 2001. 
225 
Khan, M. J., Iqbal, M. T., “Dynamic Modelling and Simulation of a Fuel Cell Generator”. Fuel Cells 
5(1), pp. 97-104, 2005.a 
Khan, M. J., Iqbal, M. T., “Modelling and Analysis of Electrochemical, Thermal, and Reactant Flow 
Dynamics for a PEM Fuel Cell System”. Fuel Cells 5(4), pp. 463-475, 2005.b 
Koh J., Seo, H., Lee, C. G., Yoo, Y. and Lim, H. C., “Pressure and flow distribution in internal gas 
manifolds of a fuel cell stack”, Journal of Power Sources 115, pp. 54-65, 2003. 
Koh, J.-H., Seo, H.-K., Yoo, Y.-S. and Lim, H.C., "Consideration of numerical simulation 
parameters and heat transfer models for a molten carbonate fuel cell stack", Chemical Engineering 
Journal 87, pp. 367-379, 2002. 
Kurzke J. GasTurb 10 Manual, 2004. 
kW Engineering, Get Psyched (updated version is kW Psychrometric Functions),  http://www.kw-
engineering.com/resources/psychrometrics.php, accessed on 30th March 2012. 
La, D., Dai, Y. J., Li, Y., Wang, R. Z., Ge, T. S., “Technical development of rotary desiccant 
dehumidification and air conditioning: A review”, Renewable and Sustainable Energy Reviews 14, 
pp. 130-147, 2010. 
Larminie, J. and Dicks, A., Fuel Cell Systems Explained, Second Edition, John Wiley and Sons Ltd, 
Chichester, 2003. 
Lehmann, E. H., Vontobel, P., Kardjilov, N., “Hydrogen distribution measurements by neutrons”, 
Applied Radiation and Isotopes 61, pp.503-509, 2004. 
Li, P. W., Chen, S. P., Chyu, M. K., “Novel gas distributors and optimization for high power density 
in fuel cells”, Journal of Power Sources 140, pp. 311-318, 2005a. 
Li, Y. H., Choi, S. S., and Rajakaruna, S., “An Analysis of the Control and Operation of a Solid 
Oxide Fuel-Cell Power Plant in an Isolated System”, IEEE TRANSACTIONS ON ENERGY 
CONVERSION 20(2), pp. 381-387, June 2005. 
Liao, X. "The Development of An Air-Cooled Absorption Chiller Concept And Its Integration in 
CHP Systems", PhD thesis, Department of Mechanical Engineering, University of Maryland, 2004. 
Liao, X. and Radermacher, R. "Absorption chiller crystallization control strategies for integrated 
cooling heating and power systems", Journal of Power Sources 30, pp. 904-911, 2007. 
Liao, X., “The Development of An Air-Cooled Absorption Chiller Concept And Its Integration in 
CHP Systems”, PhD thesis, Department of Mechanical Engineering, University of Maryland, 2004. 
Lin, L., Wang, Y., Al-Shemmeri, T., Ruxton, T., Turner, S., Zeng, S., Huang, J., He, Y., Huang, X., 
“An experimental investigation of a household size trigeneration”, Applied Thermal Engineering 27, 
pp. 576-585, 2007. 
226 
Lindermeir, A., Kah, S., Kavurucu, S., Mühlner M., “On-board diesel fuel processing for an SOFC–
APU—Technical challenges for catalysis and reactor design”, Applied Catalysis B: Environmental 
70, pp. 488-497, 2007. 
Lindström, B., Karlsson, J. A. J., Ekdunge, P., De Verdier, L., Häggendal, B., Dawody, J., Nilsson, 
M., Pettersson, L. J., “Diesel fuel reformer for automotive fuel cell applications”, International 
Journal of Hydrogen Energy 34, pp. 3367-3381, 2009. 
Liso, V., Olesen, A. C., Nielsen, M. P., Kær, S. K., “Performance comparison between partial 
oxidation and methane steam reforming processes for solid oxide fuel cell (SOFC) micro combined 
heat and power (CHP) system”, Energy 36, pp. 4216-4226, 2011. 
Liu. W., Lian, Z., Radermacher, R., Yao, Y. "Energy consumption analysis on a dedicated outdoor 
air system with rotary desiccant wheel", Energy 32, pp. 1749-1760, 2007. 
Magistri, L., Bozzo, R., Costamagna, P., Massardo, A. F., “Simplified Versus Detailed Solid Oxide 
Fuel Cell Reactor Models and Influence on the Simulation of the Design Point Performance of 
Hybrid Systems”, Journal of Engineering for Gas Turbine and Power 126, pp. 516-523, 2004. 
Magistri, L., Traverso, A., Cerutti, F., Bozzolo, M., Costamagna, P., “Modelling of Pressurised 
Hybrid Systems Based on Integrated Planar Solid Oxide Fuel Cell (IP-SOFC) Technology”, Fuel 
Cells 5(1), pp. 80-96, 2005. 
Makower, J., Pernick, R., Wilder, C., “Clean Edge Trends 2008”, Clean Edge Inc, March 2008. 
Massardo, F., Lubelli, F., “Internal Reforming Solid Oxide Fuel Cell-Gas Turbine Combined Cycles 
(IRSOFC-GT): Part A – Cell Model and Cycle Thermodynamic Analysis”, Journal of Engineering 
for Gas Turbines and Power 122, pp. 27-35, 2000. 
Mclvor, A., Clean Shipping, Vol. 2, pp.5-8, Cleantech Magazine, 2008. 
Methodology, STAR-CD Version 3.10A, Computational Dynamics Limited, 1999. 
Milliken, C., Guruswamy, S., Khandkar, A., “Evaluation of ceria electrolytes in solid oxide fuel cells 
electric power generation”, J. Electrochem. Soc., 146, pp. 872-882, 1999. 
Mills, A. F., Heat and Mass Transfer, IRWIN, Irwin Heat Transfer Series, 1995. 
Minh, N. Q. and Takahashi, T., Science and Technology of Ceremic Fuel Cells, Elservier Science 
B.V., Amsterdam, Holland, 1995. 
Mori K., Oka M., Ohhashi T. "Development of Triple-Effect Absorption Chiller-Heater", 22nd 
World Gas Conference Tokyo 2003 (WGC 2003), Japan, 2003. 
Murray, E. P., Tsai T., Barnett, S. A., “A direct-methane fuel cell with a ceric-based anode”, Nature, 
400, pp. 649-651, 1999. 
Musser, J. and Wang, C. Y., “Heat Transfer in a Fuel Cell Engine”. Proceedings of NHTC’00, 34th 
National Heat Transfer Conference, Pittsburgh, Pennsylvania, August 20-22, 2000. 
227 
Nakajo, A., Stiller, C., Härkegård, G., Bolland, O., “Modeling of thermal stresses and probability of 
survival of tubular SOFC”, Journal of Power Sources 158, pp. 287-294, 2006. 
Nayak, S.M., Hwang, Y., Radermacher, R. "Performance characterization of gas engine generator 
integrated with a liquid desiccant dehumidification system", Applied Thermal Engineering 29, pp. 
479-490, 2009. 
Nehter, P., “Two-dimensional transient model of a cascaded micro-tubular solid oxide fuel cell fed 
with methane”, Journal of Power Sources, pp. 325-334, 2006. 
Ni, M., “Modeling of SOFC running on partially pre-reformed gas mixture”, International Journal of 
Hydrogen Energy 37, pp. 1731-1745, 2012. 
Noren, A., Hoffman, M. A., “Clarifying the Butler-Volmer Equation and related approximations for 
calculating activation losses in solid oxide fuel cell models”, Journal of Power Sources 152, pp. 175-
181,  2005. 
Novaresio, V., Garcia-Camprubi, M., Izquierdol, S., Asinari, P., Fueyo, N., “An open-source library 
for the numerical modeling of mass-transfer in solid oxide fuel cells”, Computer Physics 
Communications 183, pp. 125-146, 2012. 
NovelAire Technologies Desiccant Dehumidification Wheel brochure, NovelAire Technologies, 
2004. 
O’Connell, M., Kolb, G., Schelhass, K. P., Schuerer, J., Tiemann, D., Ziogas, A., Hessel, V., 
“Development and evaluation of a microreactor for the reforming of diesel fuel in the kW range”, 
International Journal of Hydrogen Energy 34, pp. 6290-6303, 2009. 
Ota, T., Koyama, M., Wen, C., Yamada, K., Takahashi, H., “Object-based modelling of SOFC 
system: dynamic behavior of micro-tube SOFC”, Journal of Power Sources 118, pp. 430-439, 2003. 
Padulles, J., Ault, G.W., McDonald, J.R., “An integrated SOFC plant dynamic model for power 
systems simulation”, Journal of Power Sources 86, pp. 495-500, 2000. 
Pålsson, J., Selimovic, A., Sjunnesson, L., “Combined solid oxide fuel cell and gas turbine systems 
for efficient power and heat generation”, Journal of Power Sources 86, pp. 442-448, 2000. 
Pangalis, M., “Modelling of hybrid power generation cycles involving gas turbine and fuel cell 
technologies”, Master’s thesis, Imperial College of Science, Technology and Medicine, London, 
1999. 
Pangelis, M. G., Martinez-Botas, R. F., Brandon, N. P., “Integration of solid oxide fuel cells into gas 
turbine power generation cycles, Part 1: fuel cell thermodynamic modelling”, Proceedings of the 
Institution of Mechanical Engineers. Part A: Journal of Power and Energy 116, pp. 129-144, 2002. 
Park, S., Vohs, J.M., Gorte, R.J., “Direct oxidation of hydrocarbons in a solid-oxide fuel cell”, 
Nature, 404, pp. 265-267, 2000. 
228 
Pfafferodt, M., Heidebrecht, P., Stelter, M., Sundmacher, K., “Model-based prediction of suitable 
operating range of a SOFC for an Auxiliary Power Unit”,  Journal of Power Sources 149, pp. 53-62, 
2005. 
Pundt, H. "Requirements for thermal management of SOFC-GT systems for transport applications - 
Evaluation of heat recovery in waterborne applications", FELICITAS DIV.1.1.1 Deliverable Report, 
Lürssen, 2006. 
Qi, Y. H., B., Luo, J., "Dynamic modeling of a finite volume of solid oxide fuel cell: The effect of 
transport dynamics", Chemical Engineering Science 61, pp. 6057-6076, 2006. 
Qi, Y., Huang, B., Chuang, K. T., “Dynamic modelling of solid oxide fuel cell: The effects of 
diffusion and inherent impedence”, Journal of Power Sources 150, pp. 32-47, 2005. 
Recknagle, K. P., Williford, R. E., Chick, L. A., Rector, D. R., Khaleel, M. A., “Three-dimensional 
thermo-fluid electrochemical modelling of planar SOFC stacks”, Journal of Power Sources 113, pp. 
109-114, 2003. 
Riess, J., “Theoretical Treatment of the Transport Equations for Electrons and Ions in a Mixed 
Conductor”, Electrochem. Soc. 128, pp. 2077-2081, 1981. 
Rohsenow, W. M., Hartnett, J. P., Cho, Y. I. (Editors), “Handbook of Heat Transfer”, Third Edition, 
McGraw-Hill, New York, USA, 1998 
Saito, Y., Yoshida, H., Iwamoto, Y., Ueda, A., “An Analysis of a Micro Cogeneration System 
Composed of Solid Oxide Fuel Cell, Microturbine, and H2O/LiBr Absorption Refrigenerator”, 
Journal of Thermal Science and Technology 2, pp.168-179,  2007. 
Satija, R., Jacobson, D. L., Arif, M., Werner, S. A., “In situ neutron imaging technique for evaluation 
of water management systems in operating PEM fuel cells”, Journal of Power Sources 129, pp. 238-
245, 2004. 
SEAaT Website, SEAaT Sulphur Emissions Offsetting Pilot Project (2006), 
http://www.seaat.org/Offsetting-Pilot-Project.aspx, accessed on 1st June 2009. 
Sedghisigarchi, K., and Feliachi, A., “Dynamic and Transient Analysis of Power Distribution 
Systems With Fuel Cells—Part I: Fuel-Cell Dynamic Mode”, IEEE TRANSACTIONS ON 
ENERGY CONVERSION 19(2), 2004. 
Selimovic, A., Kemm M., Torisson, T., Assadi, M., “Steady state and transient thermal stress 
analysis in planar solid oxide fuel cells”, Journal of Power Sources 145, pp. 463-469, 2005. 
Siemens website, http://www.energy.siemens.com/us/en/power-generation/fuel-cells/principle-
behind-technology.htm, accessed 11th April 2011. 
229 
Sieros, G., Papailiou, K. D., “Gas turbine components optimised for use in hybrid SOFC-GT 
systems”, Proceedings of 7th European conference on turbomachinery fluid dynamics and 
thermodynamics, Athens, Greece, 2007. 
Singhal, S. C. and Kendall, K., “High Temperature Solid Oxide Fuel Cells Fundamentals, Design 
and Applications”, Elservier Ltd, Oxford, UK, 2003. 
Specchia, S., Saracco G., Specchia V. "Modeling of an APU system based on MCFC", International 
Journal of Hydrogen Energy 33, pp. 3393-3401, 2008. 
Stenersen D., “Marine Applications of Fuel Cells: User requirements Proposal of FC Demonstration 
on Natural Gas Powered Ferries”, Marintek, 2006. 
Stiller, C., "Design, Operation and Control Modelling of SOFC-GT Hybrid Systems", Doctoral thesis, 
Norwegian University of Science and Technology, Trondheim, 2006. 
Stiller, C., Thorud, B., Bolland, O., Kandepu, R., Imsland, L., “Control strategy for a solid oxide fuel 
cell and gas turbine hybrid system”, Journal of Power Sources 158, pp.303-315, 2006b. 
Stiller, C., Thorud, B., Seljebø, S., Mathiesen, Ø., “Finite-volume modeling and hybrid-cycle 
performance of planar and tubular solid oxide fuel cells”, Journal of Power Sources 141, pp. 227–
240, 2005a. 
Sudaprasert, K., “Numerical Study of the Flow Behaviour in a Planar Solid Oxide Fuel Cell”, PhD 
thesis, Mechanical Engineering Department, Imperial College London, 2005. 
Suzuki H., Yamada M.., Komoda Y., Usui H. “System Analysis on Absorption Chiller Utilizing 
Intermediate Wasted Heat from Micro Gas Turbine and Solid Oxide Fuel Cell Hybrid System”, 
Transactions of the Japan Society of Refrigerating and Air Conditioning Engineers 22, pp.259-268, 
2005. 
Suzuki, M., Hirano, A., Ioroi, T., Ogumi, Z. and Takehara, Z., eds. Stimming, U., Singhal, S. C., 
Tagawa, H., Lehnert, W., Solid Oxide Fuel Cell V, The Electrochemical Society Proceedings, 
Pennington, NJ, PV97-40, pp.1359-1367, 1997. 
Tannehill, J. C., Anderson, D. A., Pletcher, R. H., Ch. 5, Computational Fluid Dynamics and Heat 
Transfer, 2nd Edition, Taylor and Francis, Washington, DC, 1996. 
Thorud, B., “Dynamic Modelling and Characterisation of a Solid Oxide Fuel Cell Integrated in a Gas 
Turbine Cycle”, Doctoral thesis, Norwegian University of Science and Technology, Trondheim, 
2005. 
Tse, L. "Simulation of the SOFC-GT for part-load and off-design", FELICITAS D IV.1.1.1 
Deliverable Report, Imperial College London, 2006.  
230 
Tse, L. K. C., Wilkins, S., McGlashan, N., Urban, B., Martinez-Botas, R., "Solid oxide fuel cell/gas 
turbine trigeneration system for marine applications". Journal of Power Sources 196(6), pp. 3149–
3162, 2011. 
Tse, L., Wilkins, S., Martinez-Botas, R., “Dynamic modelling of a SOFC-GT hybrid system for 
transport applications”, European ELE-Drive Transportation Conference EET-2007, 2007. 
Tuller, H. L., Schoonman, J., Riess, I., “Oxygen Ion and Mixed Conductors and their Technological 
Applications”, Kluwer Academic, Dordrecht, 2000. 
Twigg, M.V., Editor, Catalyst Handbook, Manson Publishing, Second edition, 1996. 
Uechi, H., Kimijima, S., Kasagi, N., “Cycle Analysis of Gas Turbine – Fuel Cell Cycle Hybrid Micro 
Generation System”, Journal of Engineering for Gas Turbine and Power 126, pp. 755-762, 2004. 
Urban B., “Requirement specification of marine SOFC application”, FELICITAS D I.1.3.1 
Deliverable Report, Lürssen, 2008. 
VanderSteen, J. D. J., Pharoah, J. G., “The effects of radiation heat transfer in solid oxide fuel cell 
modelling”, Combustion Institute/Canadian Section, Spring Technical Meeting, Queen’s University, 
May 9-12, 2004. 
Vayenas, C. G., Debemedetti, P. G., Yentekakis, I. V., Hegedus, L. L., “Cross-flow, solid-state 
electrochemical reactors: a steady state analysis”,Ind. Eng. Chem. Fundam. 24, pp. 316-324, 1985. 
Veenema, D., "Evaluation of an integrated power generation system: Traditional gas turbines and the 
solid oxide fuel cell", Master's Thesis, University of Delaware, 2003. 
Verda, V., Quaglia, M. C. "Solid oxide fuel cell systems for distributed power generation and 
cogeneration", International Journal of Hydrogen Energy 33, pp. 2087-2096, 2008. 
Versteeg, H.K. and Malalasekera, W., “An introduction to computational fluid dynamics”, Harlow: 
Longman, 1995. 
Vidal, J., “Shipping boom fuels rising tide of global CO2 emissions”, The Guardian, United 
Kingdom, 13th February 2008. 
Vielstich, W., Lamm, A., Gasteiger, H. A. (Editors), “Handbook of Fuel Cells: Fundamentals 
Technology and Applications (Volume 4, Fuel Cell Technology and Applications: Part 2)”, John 
Wiley & Sons Ltd, Chichester, West Sussex, UK, 2003. 
Weber, A., Ivers-Tiffée, E., "Materials and concepts for solid oxide fuel cells (SOFCs) in stationary 
and mobile applications". Journal of Power Sources 127, pp. 273-283, 2004. 
Wilkins, S., Tse, L. K. C., Martinez-Botas, R. F., “Investigation of SOFC-GT Systems for 
Hybridised Heavy Duty Transport Applications”, ASME EFC2007, 2007. 
Winkler, W. G., eds. Singhal, S. C., Dokiya, M., “Solid Oxide Fuel Cell VI. The Electrochemical 
Society Proceedings”, Pennington, NJ, PV99-19, pp.1150-1159, 1999. 
231 
Winkler, W., Lorenz, H., “The design of stationary and mobile solid oxide fuel cell-gas turbine 
systems”, Journal of Power Sources 105, pp. 222-227, 2002. 
Winkler, W., Lorenz, H., eds. Yokokawa, H. and Singhal, S.C., “Solid Oxide Fuel Cell VII. The 
Electrochemical Society Proceedings”, Pennington, NJ, PV2001-16, pp. 196-204, 2001. 
Xue, X., Tang, J., Sammes, N., Du, Y., “Dynamic modelling of single tubular SOFC combining 
heat/mass transfer and electrochemical reaction effects”, Journal of Power Sources 142, pp. 211-222, 
2005. 
Yakabe, H., Hishinuma, M., Uratani, M., Matsuzaki, Y., Yasuda, I., “Evaluation and modeling of 
performance of anode-supported solid oxide fuel cell”, Journal of Power Sources 86, pp. 423-431, 
2000. 
Yakabe, H., Ogiwara, T., Hishinuma, M. and Yasuda, I., “3-D model calculation for planar SOFC”, 
Journal of Power Sources 102, pp. 144-154, 2001. 
Yakabe, H., T. Ogiwara, I. Yasuda, M. Hishinuma, eds. S.C. Singhal, M. Dokiya, Solid Oxide Fuel 
Cell VI, The Electrochemical Society Proceedings, Pennington, NJ, PV99-19, pp.1087-1098, 1999. 
Yasuda, R., Nakata, M., Matsubayashi, M., Harada, K., Hatakeyama, Y., Amano, H., “Application of 
hydrogen analysis by neutron imaging plate method to Zircaloy cladding tubes”, Journal of Nuclear 
Material 320, pp. 223-230, 2003. 
Yi, Y., Rao, A. D., Brouwer, J., Samuelsen, G. S., “Analysis and optimisation of a solid oxide fuel 
cell and intercooled gas turbine (SOFC-ICGT) hybrid cycle”, Journal of Power Sources, pp. 77-85, 
2004. 
Yuan, J., Rokni, M., Sunden, B., eds. Singhal, S. C., Dokiya, M., Solid Oxide Fuel Cell VI, The 
Electrochemical Society Proceedings, Pennington, NJ, PV99-19, pp.1099-1108, 1999. 
Zabihian, F. and Fung, A., “A Review on Modeling of Hybrid Solid Oxide Fuel Cell Systems”, 
International Journal of Engineering, Volume 3, Issue 2, pp85-119. 2009. 
Zadpoor, A. A., Golshan, A. H. "Performance improvement of a gas turbine cycle by using a 
desiccant-based evaporative cooling system", Energy 31, pp. 2652-2664, 2006. 
Zhai, H., Wu, J.Y., Wang, R.Z., “Energy and exergy analysis on a novel hybrid solar heating, 
cooling and power generation system for remote areas”, Applied Energy 86, pp. 1395-1404, 2009. 
Zhu, Y., Tomsovic, K., “Development of models for analyzing the load following performance of 
microturbines and fuel cells”, Electric Power Syst. Res. 62, pp. 1-11, 2002. 
Ziher, D., Poredo, A., “Economics of a trigeneration system in hospital”, Applied Thermal 
Engineering 26, pp. 680-687, 2006.   
Zink, F., Lu, Y., Schaefer, L., “A solid oxide fuel cell system for buildings”, Energy Conversion and 
Management 48, pp. 809-818, 2007. 
